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restoration. 

We  have  in  this  research  developed  a  source  encoding  and  signal 
sampling  concept,  such  that  the  optical  signal  processing  can  be  carried 
out  in  complex  amplitude,  with  an  incoherent  white-light  source.  In  this 
connection  a  new  technique  for  Image  subtraction  was  developed  for 
white-light  illumination.  We  have  extended  the  source  encoding  technique 
for  broad  spectral  bandwidth.  Notice  that,  the  digital  counterpart  is  not 
able  to  perform  the  color  image  restoration  at  the  present  time. 

In  this  research,  we  have  quant itively  evaluated  the  coherence 
requirement  for  the  white-light  optical  processor.  The  spatial  and 
temporal  coherence  requirements  have  been  evaluated  for  a  dispersive 
white-light  system.  The  requirements  for  image  deblurring,  subtraction, 
and  correlation  have  been  throughly  calculated. 

We  have,  in  this  research,  evaluated  the  apparent  transfer  function 
for  the  white-light  processor.  The  MTF  of  the  white-light  processor  is 
depending  on  the  degree  of  temporal  and  spatial  coherence.  The  calculated 
MTF  is  rather  general,  which  can  be  applied  to  any  partially  coherent 
optical  processor. 

One  of  the  interesting  results  was  the  development  of  a  density 
psendocolor  encoder  with  white-light.  This  white-light  psendocolor  encoder 
is  a  high  resolution  system  and  it  is  very  cost  effective  as  compared  with 
the  digital  counterpart.  We  have  applied  the  psendocolor  encoder  for 
medical  diagnostic  imaging,  Landsat  data  falsed-color  composites,  as  well 
as  color  image  retrievals. 

In  white-light  holography  research,  we  have  evaluated  the  primary 
aberrations  and  bandwidth  requirement  for  rainbow  holographic  process.  The 
conditions  for  the  removal  of  the  primary  aberrations  have  been  calculated. 
We  have  also  developed  a  technique  of  generating  a  broadband  white-light 
Fourier  hologram.  The  technique  utilizes  a  source  encoding  principle. 

This  broadband  Fourier  hologram  is  vitally  important,  for  the  generation  of 
a  wide  band  spatial  filter  as  a  applied  to  complex  signal  detection  with 
white-light.  In  addition,  we  have  also  developed  a  dual-beam  encoding 
technique  for  color  hologram  construction  with  white-light.  This  encoding 
technique  utilizes  no  reference  beam. 

Another  interesting  demonstration  must  be  the  optical  signal 
processing  with  sun  light.  The  advantage  of  sun-light  processing  is  that 
the  optical  system  does  not  carry  its  own  light  source,  which  is  very 
suitable  for  spaceborne  application. 

Noise  performance  and  measurement  have  been  quantitatively  analized  in 
this  research.  We  have  shown  that  the  white-light  system  offers  coherent 
artifact  noise  immunity,  which  is  the  primary  advantage  over  the  coherent 
counterpart . 

We  have  also  in  this  research,  applied  various  spatial  light 
modulators  (SLM)  (for  examples,  Magneto-optic,  Liquid  Crystal  TV,  Liquid 
Crystal  light  value,  etc)  to  white-light  optical  signal  processing.  The 
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programmability  of  the  SLM  have  been  exploited  and  interesting  colorful 
results  have  been  obtained. 

Furthermore,  the  application  of  white-light  processing  to  spectrogram 
generation,  Talbat  interferometer,  phase  object  visualization,  and  many 
others  have  been  carried  out  "in  various  phases  of  this  research.  The 
results,  in  part,  can  be  found  in  this  report. 

Final  remarks.,  the  net  effects  of  this  study  is  to  emphasize  the 
reality  of  a  white-light  optical  processor  and  its  capability  of  preforming 
complex  amplitude  processing,  which  would  offers  many  colorful 
applications,  that  in  part,  have  been  documented  in  the  list  of 
publications. 
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I.  Introduction 

We  have,  in  the  period  covered  from  February  15,  1981  to  May  14,  1986, 
completed  the  major  research  programs  in  the  area  on  white-light  signal 
processing  and  holography.  The  performance  of  our  tasks  done  were  very 
consistent  with  proposed  research  programs  supported  by  the  Air  Force 
Office  of  Scientific  Research  Grant  AFOSR-81 -01 48  and  Nos.  AFOSR-83-01 40. 
The  research  finds  have  been  published  in  various  open  technical  journals 
and  in  part,  have  been  presented  in  scientific  conferences  on  various 
occasions.  Sample  copies  of  these  papers  are  included  in  this  final  report 
in  the  subsequent  sections,  to  provide  a  concise  documentation  of  our 
research  accomplishment.  In  the  following  sections,  we  shall  give  an 
overview  of  the  overall  research  done,  that  cover  the  entire  period  of  this 
research.  We  shall  detail  some  of  those  accomplished  works  in  the 
following  sections.  A  list  of  publications  resulting  from  this  support  is 
also  included  at  the  end  of  this  report. 


II.  Summary  and  Overview 
2.1  Smeared  Image  Deblurring 

One  of  the  earliest  research  done  on  "White-Light  Optical  Signal 
Processing  and  Holography",  must  be  the  smeared-photographic-image 
deblurring  with  white-light  [7].  A  simple  technique  of  synthesizing  a 
complex  deblurring  spatial  filter  is  given.  Experimental  demonstrations  of 
smeared- image  deblurring  with  a  white-light  processing  technique  are 
provided.  Compared  with  the  coherent-processing  technique,  the  white-light 
technique  offers  artifact-noise  suppression,  and  the  processing  system  is 
simple,  versatile,  and  economical.  We  note  that  the  white-light-processing 
technique  is  suitable  for  smeared-color- image  restoration 


We  have  also  extended  this  image  deblurring  technique  to  color 
photographic  image  deblurring  [2].  Since  white-light  processing  technique 
is  suitable  _f or  image  processing,  the  color  image  deblurring  can  be 
achieved  with  narrow  red  and  green  color  deblurring  filters.  Experimental 
demonstrations  for  smeared-color  image  were  obtained.  The  extension  to  the 
entire  spectral  band  of  a  white-light  source  will  be  given  in  Section  IX. 
2.2  Image  Subtraction  (Section  IV) 

We  have  in  this  research  investigated  the  possibility  of  using  a 
white-light  source  for  image  subtraction.  Since  optical  image  subtraction 
is  a  one-dimensional  processing  operation,  instead  of  using  a  point  source 
of  light,  a  line  source  can  be  utilized.  However  the  image  subtraction 
operates  upon  the  one-to-one  image  points,  a  strictly  broad  coherence 
requirement  is  not  needed.  It  is  therefore  possible  to  encode  an  extended 
incoherence  source  to  obtain  a  point-pair  coherence  function  for  the  image 
subtraction  operation  [3.5]. 

A  technique  of  encoding  an  extended  incoherent  source  for  image 
subtraction  is  developed.  The  source  encoding  is  obtained  from  the 
coherence  requirement  for  image  subtraction  operation.  Since  the  coherence 
requirement  is  a  point-pair  concept  for  image  subtraction  the  encoding  can 
take  place  by  spatial  sampling  an  extended  incoherent  source  with  narrow 
slit  apertures.  The  basic  advantage  of  the  source  encoding  is  to  increase 
the  available  light  power  for  the  processing  operation,  so  that  the 
Inherent  difficulty  of  obtaining  a  very  small  incoherent  source  can  be 
alleviated.  Experimental  results  obtained  with  this  encoded  incoherent 
source  are  given.  Comparisons  with  the  results  obtained  by  coherent 
processing  technique  are  also  provided.  We  have  concluded  that  the 


incoherent  processing  technique  offers  a  better  artifact  noise  suppression 
and  better  image  quality. 

2.3  Visualization  of  Phase  Object  (Section  V) 

We  have  extended  the  source  encoding  concept  for  the  application  to 
visualization  of  color  coded  phase  variation  with  white-light  processing. 
This  technique  utilized  a  dual  color  optical  processor  with  encoded 
extended  white-light  sources.  The  color  coded  phase  visualization  enable 
one  to  observe  fine  detail  phase  variation  between  fringes,  which  includes 
both  the  positive  and  negative  phase  changes.  Excellent  experimental 
demonstrations  of  the  phase  visualization  technique  are  provided  [6], 

2.4  Coherence  Requirement  (Section  VI) 

Our  research  has  included  the  evaluation  of  the  coherent  requirement 
for  white-light  optical  signal  processing  [7].  The  mutual  intensity 
function  for  a  partially  coherent  light  is  used  to  develop  an  expression 
for  the  output  Intensity  distribution  for  a  broadband  optical  information 
processor.  The  coherence  requirement  for  smeared  image  deblurring  and 
image  subtraction  is  then  determined  using  the  intensity  distribution. 

We  have  shown  that  the  temporal  and  spatial  coherence  requirements  for 
some  partially  coherent  optical  processing  operations,  namely,  image 
deblurring  and  image  subtraction,  can  be  determined  in  terms  of  the  output 
intensity  distribution.  For  image  deblurring  the  temporal  coherence 
requirement  depends  on  the  ratio  of  the  deblurring  width  to  the  smeared 
length  of  the  blurred  image.  To  obtain  a  higher  degree  of  deblurring  a 


narrower  spectral  width  of  the  light  source  is  required.  For  example,  if 
the  deblurring  ratio  Aw/w  is  0.1,  the  spectral  width,  AA,  should  be  <  640 


For  the  spatial  coherence  requirement  the  image  deblurring  depends  on 
both  the  deblurring  ratio  Aw/w  and  the  smeared  length  w.  If  the  deblurring 
ratio  Aw/w  -  1/10  and  w  -  1mm.  a  slit  source  <  0.26  mm  should  be  used.  For 
a  smeared  image  deblurring  operation  the  constraints  of  the  temporal  and 
spatial  coherence  requirements  are  not  critical,  which  can  be  achieved  in 
practice. 

For  image  subtraction,  the  temporal  coherence  requirement  is 
determined  by  the  highest  spatial  frequency  and  the  separation  of  the  input 
object  transparencies.  If  the  separation  and  spatial  frequency  of  the 
input  transparencies  are  high,  a  narrower  spatial  bandwidth  of  the  light 
source  is  required. 

For  spatial  coherence  requirement,  the  modulation  transfer  function, 
which  determines  the  contrast  of  the  subtracted  image,  depends  on  the  ratio 
of  the  slit  width  to  the  spatial  period  of  the  encoding  mask,  ie.,  d/D.  If 
the  ratio  d/D  is  low,  a  higher  contrast  subtracted  image  can  be  obtained. 
For  example,  with  d/C  -  0.05,  a  relatively  higher  MTF  =  0.85  can  be 
obtained.  Compared  with  the  image  deblurring  operations,  the  coherence 
requirements  are  more  stringent  for  the  subtraction  process. 

Finally,  we  have  concluded  that,  the-  solution  to  the  coherence 
requirement  for  partially  coherent  processing  is  not  restricted  to  the 
application  of  the  deblurring  and  subtraction  operation,  but  may  also  be 
applied  to  any  other  optical  processing  operation. 


2,5  Apparent  Transfer  Function  (Section  VII) 


We  have  in  this  research  evaluated  an  apparent  transfer  function  for 


our  white-light  optical  signal  processing  system  [8]. 


The  nonlinear  behavior  of  the  partially  coherent  optical  processor, 
when  considering  either  intensity  or  amplitude  distribution  input  signals, 
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necessitates  the  use  of  the  apparent  transfer  function  to  accurately 
predict  the  system  response.  We  have  derived  the  general  formulas  for  MTF 
in  terms  of  the  theory  of  partially  coherent  light.  These  derivations 
indicate  the  dependence  of  MTF  upon  the  degree  of  spatial  coherence  (i.e., 
the  source  size)  as  well  as  the  degree  of  temporal  coherence  (i.e.,  the 
source  spectral  bandwidth).  MTF  has  been  shown  to  be  less  dependent  upon 
the  spatial  coherence  requirement  as  compared  to  its  relationship  with  the 
temporal  coherence  requirement. 

It  has  been  noted  that  the  spatial  bandwidth  of  our  optical  processor 
is  primarily  dependent  upon  the  size  of  the  filter  Ax,  where  the  filter  is 
placed  in  the  Fourier  plane.  The  transfer  systems  bandwidth  may  be 
increased  by  using  a  larger  spatial  filter  Ax.  However,  the  size  of  the 
filter  is  selected  such  that  Ax  =  p0fAX,  which  is  linearly  related  to  the 
spatial  frequency  of  the  grating,  the  focal  length  of  the  transform  lens 
and  the  spectral  width  of  the  light  source.  A  narrow  spectral  band  AX  is 
necessary  for  most  partially  coherent  optical  information  processing 
operations.  In  order  to  achieve  the  required  AX  for  a  wide  strip  of 
spatial  filter  Ax  in  the  spatial  frequency  plane,  a  diffraction  grating  of 
sufficiently  high  frequency  p0  at  the  input  plane  is  needed.  For  example, 
for  partially  coherent  processing  with  a  white  light  source,  a  set  of 
narrow  spectral  band  filters,  each  with  a  spectral  bandwidth  6A,  can  be 
used  in  the  spatial  frequency  plane. 

Finally,  we  conclude  that  the  apparent  transfer  function  which  we  have 
obtained  is  rather  general  and  may  be  applied  to  any  partially  coherent 
optical  processing  system. 


2.6  Source  Encoding  and  Signal  Sampling  (Section  VIII) 

We  have  developed  a  concept  of  source  encoding  and  signal  sampling  for 
our  white-light  signal  processor  [4],  We  have  shown  that  the  advantage  of 
source  encoding  is  to  provide  an  appropriate  spatial  coherence  function  at 
the  input  plane  so  that  the  signal  processing  can  be  carried  out  by 
extended  incoherent  source.  The  effect  of  the  signal  sampling  is  to 
achieve  the  temporal  coherence  requirement  at  the  Fourier  plane  so  that  the 
signal  can  be  processed  in  complex  amplitude.  If  the  filtering  operation 
is  two-dimensional,  a  multi-spectral-band  2-D  filter  should  be  utilized. 

If  the  filtering  operation  is  one-dimensional,  a  fan-shape  filter  can  be 
used. 

In  short,  one  should  carry  out  the  processing  requirements  backward 
for  a  white-light  processor.  With  these  processing  requirements  (e.g., 
operation,  temporal  and  spatial  coherence  requirements), 
multi-spectral-band  or  broad-band  filter,  signal  sampling  function,  and 
source  encoding  mask  can  be  synthesized.  Thus  the  signal  processing  can  be 
carried  out  in  complex  amplitude  over  the  whole-spectral  band  of  the 
white-light  source  [9]. 

2.7  Broadband  Image  Deblurring  (Section  IX) 

In  this  research,  we  have  shown  a  broadband  color  image  deblurring 
technique  utilizing  a  white-light  source  [10].  This  broad  spatial  band 
deblurring  technique  utilized  a  grating  base  method  to  obtain  a  dispersed 
smeared  image  spectra  in  the  Fourier  plane  so  that  the  deblurring  operation 
can  be  taken  place  in  complex  amplitude  deblurring  for  the  entire  visible 
wavelengths.  To  perform  this  complex  amplitude  deblurring  for  the  entire 


spectral  band  of  the  light  source,  we  have  shown  that  a  fan-type  deblurring 
filter  to  compensate  the  scale  variation  of  the  smeared  signal  spectra  due 


to  wavelength  dispersion  can  be  utilized.  To  alleviate  the  low 
transmission  efficiency  of  the  deblurring  filter,  we  synthesized  the 
deblurring  filter  with  the  combination  of  a  broadband  phase  filter  and  a 
fan-shaped  amplitude  filter.  The  broad  spectral  band  phase  filter  is 
synthesized  by  optical  coating  techniques,  while  the  fan-shaped  amplitude 
filter  is  obtained  by  a  1-D  coherent  processing  technique. 

By  comparison  of  results  obtained  by  the  broadband  image  deblurring 
with  the  narrow  spectral  band  and  coherent  techniques,  we  have  seen  that 
the  results  obtained  by  the  broadband  deblurring  offer  a  higher  image 
quality.  We  have  also  shown  that  the  broadband  de blurring  technique  is 
very  suitable  for  color  image  deblurring.  We  have  provided  several  color 
image  deblurring  results  obtained  by  the  broadband  deblurrlng  technique. 
From  these  color  deblurred  Images  we  have  seen  that  the  fidelity  of  the 
color  reproduction  is  very  high  and  the  quality  of  deblurred  image  is 
rather  good.  Although  there  is  some  degree  of  color  blur  due  to  chromatic 
aberration  of  the  transform  lenses,  it  can  be  eliminated  by  utilizing 
higher-quality  achromatic  transform  lenses.  Further  improvements  of  the 
deblurring  can  also  be  obtained  by  utilizing  a  blazed  grating  to  achieve  a 
higher  smeared  spectral  diffraction  efficiency  so  that  a  wider  spatial  band 
deblurring  filter  can  be  sued  to  achieve  a  higher  degree  of  deblurring. 

2.8  Color  Image  Subtraction  (Section  X) 

We  have  also  accomplished  a  research  project  on  color  image 
subtraction  with  extended  incoherent  sources  [11].  We  have  introduced  a 
source  encoding  technique  to  obtain  a  point-pair  spatial  coherence  function 
for  the  subtraction  operation.  The  basic  advantage  of  source  encoding  is 
to  increase  the  available  light  power  for  the  image  subtraction  operation, 
so  that  the  inherent  difficulty  of  obtaining  incoherent  point  sources  can 
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be  alleviated.  Since  the  technique  uses  incoherent  sources,  the  annoying 
coherent  artifact  noise  can  be  suppressed.  We  would  see  that  the  concept 
of  color  linage  subtraction  may  also  be  extended  to  the  use  of  white-light 
source,  for  which  a  program  is  currently  under  investigation.  In 
experimental  demonstrations,  we  have  shown  that  color  subtracted  images  can 
be  easily  obtained  by  this  incoherent  subtraction  technique.  Since 
virtually  all  images  of  natural  objects  are  color,  the  technique  may  offer 
a  wide  range  of  practical  applications. 

2.9  Rainbow  Holographic  Aberrations  (Section  XI) 

We  have  also  theoretically  evaluated  the  primary  aberrations  and  the 
bandwidth  requirements  for  rainbow  holographic  processes  [12],  The  results 
obtained  for  the  rainbow  holographic  process  are  rather  general,  for  which 
the  conventional  holographic  image  resolution,  aberrations,  and  bandwidth 
requirements,  can  be  derived.  The  conditions  for  the  elimination  of  the 
five  primary  rainbow  holographic  aberrations  are  also  given.  These 
conditions  may  be  useful  for  the  application  of  obtaining  a  high  quality 
rainbow  hologram  image.  In  terms  of  bandwidth  requirements,  we  have  shown 
that  the  bandwidth  requirement  for  a  rainbow  holographic  construction  is 
usually  several  orders  lower  than  that  of  a  conventional  holographic 
process.  Therefore,  a  lower-resolution  recording  medium  has  generally  be 
used  for  most  of  the  rainbow  holographic  constructions. 

2.10  Pseudocolor  Encoding  with  Three  Primary  Colors  (Section  XII) 

We  have  also  developed  a  white-light  density  pseudocolor  encoder  for 
three  primary  colors  [13].  The  advantages  of  this  technique  are;  it  is 
very  cost  effective  and  offers  a  high  image  resolution,  as  compared  with 
the  digital  technique. 
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2.11  Partial  Coherent  Measurement  (Section  XIII) 

We  have  accomplished  a  coherent  measurement  for  our  white-light 
optical  signal  processor  [14].  The  results  show  that  the  degree  of 
coherence  in  this  Four.ier  plane  increases  as  the  spatial  frequency  of  the 
sampling  grating  increases.  However,  the  improvement  in  coherence  is 
somewhat  more  effective  in  the  direction  perpendicular  to  light  dispersion. 
Since  the  white-light  processor  is  capable  of  processing  complex  signal 
with  entire  spectral  band  of  the  light  source,  it  is  suitable  for  color 
signal  processing. 

2.12  Restoration  of  Out-of  Focused  Color  Image  (Section  XIV) 

We  have  also  extended  the  color  image  deblurring  to  2-D  out-of-focused 
color  photographic  images  [15].  Final  results  of  this  restoration 
technique  have  been  obtained. 

2.13  Solar-Light  Optical  Signal  Processing  (Section  XV) 

We  have  performed  an  experiment  of  optical  signal  processing  with 
natural  solar  light  [16],  We  have  shown  that  a  white-light  processor  can 
be  easily  implemented  with  natural  solar  light  for  optical  signal 
processing.  The  basic  advantge  of  the  solar  optical  processing  is  that  the 
processing  system  doe3  not  require  to  carry  an  artificial  light  source, 
which  is  very  suitable  for  spaceborne  optical  processing  application.  In 
addition  to  the  simplicity,  versatility,  polychromaticity ,  and  noise 
immunity  of  the  white-light  processing  system,  the  solar  processor  is  very 
durable  and  the  operation  is  very  cost  effective. 

2.14  White-Light  Processing  with  Magneto-Optic  Device  (Section  XVI) 

We  have  also  performed  an  application  of  a  magneto-optic  spatial  light 
modulator  with  white-light  processing  [17].  We  have  shown  that  the 
magneto-optic  device  responds  to  the  polarized  white  light,  in  which  a  wide 
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range  of  color  object  patterns  can  be  generated.  Since  the  magneto-optic 
device  is  a  transmitted  type  spatial  light  modulator,  it  is  very  suitable 
for  real-time  programmable  spatial  filter  synthesis  and  object  pattern 
generation  for  optical  signal  processings. 

2.15  Measurement  of  Noise  Performance  (Section  XVII) 

A  measurement  technique  for  the  noise  performance  of  a  white-light 
optical  signal  processor  is  also  performed  in  this  period  [18].  The 
technique  utilizes  a  scanning  photometer  to  trace  out  the  output  noise 
intensity  fluctuation  of  the  optical  system.  The  effect  of  noise 
performance  due  to  noise  perturbation  at  the  input  and  Fourier  planes  is 
measured.  The  experimental  results,  except  for  amplitude  noise  at  the 
input  plane,  show  the  claims  for  better  noise  immunity,  if  the  optical 
system  is  operating  in  the  partially  coherent  regime.  We  have  also 
measured  the  noise  performance  due  to  perturbation  along  the  optical  axis 
of  the  system.  The  experimental  results  show  that  the  resulting  output  SNR 
improves  considerably  by  increasing  the  bandwidth  and  source  size  of  the 
illuminator.  The  optimum  noise  immunity  occurs  for  phase  noise  at  the 
input  and  output  planes.  For  amplitude  noise,  the  optimum  SNR  occurs  at 
the  Fourier  plane.  In  brief,  the  experimental  results  confirm  the 
analytical  results  that  we  recently  evaluated. 

2.16  White-Light  Fourier  Holography  (Section  XVIII) 

In  this  research,  we  have  also  developed  a  technique  for  generating 
broad  spectral  band  Fourier  holograms  with  an  encoded  white  light  source 
[19].  Since  thi3  technique  utilizes  primary  white-light  construction  and 
reconstruction  process,  it  is  quite  suitable  for  color  Fourier  hologram 
image  reconstruction. 
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2.17  Optical  Generation  of  Speech  Speotrogram  with  White-Light  Source 
(Section  XIX) 

We  have. also  developed  a  technique  of  generating  speech  spectrogram 
with  a  white-light  optical  processor  [20].  Since  the  technique  utilizes  a 
white-light  source,  the  speech  spectrograms  thus  generated  are  frequency 
color-coded  resulting  in  easier  visual  discrimination.  The 
temporal- to- spatial  conversion  of  speech  signal  is  accomplished  by  means  of 
density  modulation  with  a  CRT  scanner.  The  scaling  procedure  of  the  speech 
spectrogram  as  well  as  the  frequency  resolution  limit  of  the  system  are 
discussed. 

2.18  Progress  on  Archival  Color  Film  Storage  (Section  XIX) 

In  the  research,  we  have  completed  an  investigation  of  archival 
storage  of  color  films  with  white-light  optical  processing  technique  [21]. 
We  have  developed  a  spatial  encoding  technique  such  that  the  moire  fringe 
pattern  inherently  existing  with  the  retrieved  color  image  can  be  avoided. 
To  improve  the  diffraction  efficiency  of  the  film,  we  have  introduced  a 
bleaching  process  30  that  the  step  of  obtaining  a  positive  encoded 
transparency  can  be  eliminated.  Instead  of  restricting  the  encoding 
processing  in  the  linear  region  of  the  T-E  curve,  we  would  allow  the 
encoding  in  the  linear  region  of  the  D-E  curve,  so  that  a  broader  range  of 
encoding  exposure  can  be  utilized.  Experimental  results  indicate  that 
excellent  color  fidelity,  high  signal  to  noise  ratio,  and  good  resolution 
of  the  reproduced  color  images  can  be  obtained. 

2.19  Generating  False-Color  Composites  for  Landsat  Data  (Section  XXI). 

We  have  developed  a  technique  of  false-color  compositing  by  encoding 

multispectral  remote  sensing  data  with  a  low-cost  white-light  optical 
processor.  Spatial  encodings  are  made  with  various  multispectral  band 
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image  transparencies,  and  false-coloring  is  obtained  by  color  filtering  the 
smeared  Fourier  spectra.  In  contrast  to  the  low-resolution  digital  image, 
the  white-lLght  method  generates  a  high-quality  color-coded  product.  This 
image  is  free  from  coherent  artifact  noise  because  coherent  light  sources 
are  not  used.  This  simple  and  versatile  technique  may  offer  a  wide  range 
of  applications.  Three  bands  of  multispectral  Landsat  data  were  processed 
using  70  mm  black-and-white  film  negatives.  These  fal3e-color  encoded 
images  allowed  for  discrimination  of  various  Earth  surface  features. 
Forests,  agricultural  lands,  water,  urban  areas,  and  strip  mines  could  be 
shown  on  the  images  as  each  of  these  thematic  classes  were  displayed  as  a 
different  color. 

2.20  Developed  a  Low-Cost  White-Light  Processor  (Section  XXII) 

We  have  developed  a  white-light  optical  signal  processor  which  can  be 
coupled  with  a  relatively  unsophisticated  system  featuring  low  cost, 
portability,  and  high  processing  power-to-cost  ratio  [23].  The  low-cost 
white-light  optical  processor  (LCP)  offers  educators  and  businesses  a 
powerful  teaching  aid  while  providing  a  system  capable  of  optical 
processing  usually  associated  with  complex  optical  systems.  Experimental 
results  are  provided  for  four  processing  techniques  applied  to  the  system. 
The  methods  applied  are:  scanning  optical  correlation  and  convolution, 
color  schlieren  optical  processing,  processing  of  bubble  chamber  event 
photographs,  and  density  pseudocolor  encoding.  A  full  list  of  system 
equipment  and  details  of  the  system  construction  are  included.  Emphasis  is 
on  the  processing  power  available  for  low  cost,  making  this  a  tool  to  be 
utilized  in  undergraduate  optics  laboratory  courses. 
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2.21  White-Light  Talbot  Interferometer  (Section  XXIII) 

In  this  research,  we  have  developed  a  method  for  real-time 
color-coding  of  depth  using  a  white-light  Talbot  interferometer  [24]. 

Based  on  the  fact  that  the  Talbot  planes  of  a  grating  are  formed  at 
different  distances  for  different  colors,  the  topographical  structure  of  a 
surface  can  be  color-coded  in  real-time.  Experimental  results  are  provided 
to  verify  the  proposed  method. 

We  have  also  in  this  phase  of  research  developed  a  method  of  color 
visualization  of  a  phase  object  based  on  Talbot  effect  [25].  If  a  grating 
is  illuminated  with  a  collimated  white-light,  the  distance  of  the  Talbot 
image  will  differ  for  different  color.  By  placing  an  identical  grating  at 
a  certain  distance  of  negative  or  positive  Talbot  image,  a  single  color 
output  is  extracted.  A  color  visualization  of  a  phase  object  placed 
between  two  gratings  can  be  performed  by  a  first-order  spatial  filtering. 
The  hue  is  related  to  the  first  derivative  of  the  phase  distribution. 

2.22  Analysis  of  Cross -Spectral  Density  Function  for  White-light 
Processing  (Section  XXIV) 

In  this  phase  of  research,  we  have  analyzed  a  white-light  optical 
processing  system  based  on  the  cross-spectral  density  function.  A 
plane-by-plane  analysis  is  given,  which  includes  the  effects  of  source  size 
and  grating  frequency.  The  degree  of  coherence  in  the  Fourier  plane  is 
examined  in  detail,  and  an  explanation  of  the  fan-shaped  deblurring  filter 
based  on  this  analysis  is  also  provided  [26]. 

2.23  Computer  Generated  Filters  in  White-light  Processor  (Section  XXV) 

We  have  also  investigated  the  effects  of  computer  generated  filters  as 
applied  in  a  dispered  white-light  processing  system.  Experimental  results 
of  computer-generated  hologram  (CGH)  spatial  filters  applied  to  the 
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deblurring  of  color  images  are  given.  Significant  performance  can  be 
achieved  with  moderate  resolution  images  and  1-D  processing  operations. 

Color  smear  and  multi-band  filter/signal  spectrum  size  mismatch  limit 
applications  involving  large  space-band-width  images  and/or  2-D  processing 
operations  with  the  dispersed  system  configuration.  The  flexibility  of  the 
CGH  spatial  filter  fabrication  technique,  combined  with  the  added 
processing  dimension  of  wavelength  and  the  inherent  ability  to  reduce 
coherent  artifact  noise,  make  this  processing  scheme  attractive  for  many 
image  processing  applications  [27]. 

2.24  Holographic  Tomography  for  3~D  Object  Field  (Section  XXVI) 

We  have  developed  a  holograhic  tomography  concept  by  which  a  3-D 
complex  field  may  be  studied  and  reconstructed  from  2-D  projected  data  [28]. 
A  particular  case  of  some  opaque  objects  in  a  3-D  field  is  discussed  as  a 
preliminary  application  of  this  concept.  The  holograhic  multiplexing 
technique  provides  a  series  of  projected  data  for  tomographic 
reconstruction.  With  the  algorithm  used  in  computer  post-processing,  the 
image  of  a  chosen  slice  in  the  studied  field  can  be  reconstructed  from  its 
one- dimensional  projected  data.  The  relative  locations  and  the  shapes  of 
the  objects  inside  the  field  are  well  defined  by  the  reconstructed  image. 

It  is  noted  in  this  particular  case,  the  principle  used  in  the  algorithm  is 
much  more  suitable  for  convex  object  fields.  This  limitation  arises  from 
the  fact  that  the  projected  data  are  the  silhouettes  of  opaque  objects. 
However,  the  ultimate  objective  is  the  study  of  3-D  complex  fields. 
Hopefully,  with  the  aid  of  holographic  concept,  some  advantages  such  as 
reduction  in  computational  procedures,  may  be  achieved  as  compared  with 
conventional  tomographic  techniques. 
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2 . 25  Medical  Imaging  with  White-Light  (Section  XXVII) 


Color  enhancement  of  medical  images  has  been  shown  to  be  effective  in 


increasing  the  perceived  dynamic  range  of  the  images  and  thereby  the 


diagnostic  value  of  those  images.  An  analog  pseudocoloring  technique  based 


upon  Fourier  optics  has  been  developed  in  our  laboratory  to  encode  images 


obtained  from  such  modalities  as  conventional  X-ray,  Ultrasound  and  CT. 


Emphasis  is  placed  on  the  production  of  pseudocolored  images  mapped  into 


the  "heated-object"  scale  by  way  of  primary  intensity  functions  which  are 


based  on  color  matching  principles  and  realized  by  film  non-linearity 


properties.  A  final  phase  relief  transparency  contains  the  information 


required  to  produce  the  color  scale  when  used  as  the  input  signal  to  the 


white-light  optical  processor  [29]. 


2.26  Dual-Aperture  Sampling  with  Partially  Coherent  Light  (Section  XXVIII) 


We  have  also  analyzed  the  effect  on  fringe  visibility  of  a 


dual-aperture  imaging  system  under  partially  coherent  illumination  [30]. 


The  problem  formulation  is  developed  from  the  partial  coherence  theory  of 


Wolf.  The  results  show  that  the  fringe  visibility  is  affected  by  the 


spectral  bandwidth,  source  size,  sampling  aperture  size,  as  well  as  the 


defocused  distance  of  the  imaging  system.  These  results  are  quite 


consistent  with  the  Thompson's  predictions  of  Young's  experiment. 


2.27  Application  of  LCTV  to  White-Light  Processing  (Section  XXIX) 


The  applications  of  a  low-cost  commercially  available  flat  screen 


transmission  type  LCTV  to  real-time  elementary  optical  signal  processing 


using  white  light  sources  have  been  studied.  Although  the  picture  is 


displayed  on  the  LCTV  based  on  a  scanning  process,  the  sufficiently  long 


relaxation  time  of  the  pixels  provide  a  partially  spatially  coherent  input 


image.  Thus,  real-time  optical  signal  processing  can  be  carried  out  using 
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the  LCTV  instead  of  other  extremely  expensive  light  modulators.  However, 
the  LCTV  has  some  drawbacks  which  are  low  resolution,  low  contrast  and 
phase  distortion.  We  like  to  stress  that  the  LCTV  is  low  cost,  and  that 
with  further  improvements,  the  LCTV  should  be  very  useful  to  both  coherent 
and  white-light  optical  signal  processing  [31 ]. 

2.28  Computer  Generated  Tricolor  Sampling  and  Application  (Section  XXX) 

We  have  also  developed  one-step  method  for  recording  color  information 
on  a  monochrome  transparency  using  a  linear  tricolor  sampling  pattern  [32]. 
It  was  shown  that  the  method  avoids  color-cross-talk,  moire  fringes,  and 
marginal  resolution  loss.  The  linear  tricolor  sampling  pattern  is 
described  in  detail  as  well  as  a  method  for  computer  generating  the 
tricolor  grating.  Color  images  retrieved  using  the  grating  show  that  the 
method  is  a  viable  alternative  to  previous  three  step  encoding  methods. 
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A  white-light-processing  technique  for  smeared-photographic-image  restoration  is  described.  A  simple  technique 
of  synthesizing  a  complex  deblurring  spatial  filter  is  also  given.  Experimental  demonstrations  of  smeared-image 
deblurring  with  a  white-light-processing  technique  are  provided.  Compared  with  the  coherent -processing  tech¬ 
nique.  the  white-light  technique  offers  artifact- noise  suppression,  and  the  processing  system  is  simple,  versatile, 
and  economical.  We  note  that  the  white-light-processing  technique  is  suitable  for  smeared-color-image  restora¬ 
tion. 
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An  interesting  application  of  coherent  optical  infor¬ 
mation  processing  is  restoration  of  smeared  photo¬ 
graphic  images.1'10  However,  the  unavoidable  coherent 
artifact  noise  in  the  coherent  optical-processing  system 
frequently  degrades  the  quality  of  the  restored  image. 
Thus,  if  a  smeared  photographic  image  can  be  restored 
with  a  white-light  (i.e..  incoherent)  source,  then  coher¬ 
ent  artifact  noise  may  be  avoided,  and  a  higher  quality 
of  restored  image  can  be  obtained.  Attempts  to  reduce 
the  temporal-coherence  requirement  in  optical  infor¬ 
mation  processing  have  been  reported  by  several  in¬ 
vestigators.11'13  One  that  uses  incoherent  instead  of 
coherent  optics  has  been  pursued  by  Loventhal  and 
Chavel,11  and  the  other,  which  reduces  the  coherent 
requirement  while  still  operating  in  complex  amplitude, 
has  been  pursued  by  Leith  and  Roth.13 

We  have  described14*18  white-light  optical  processing 
utilizing  a  diffraction-grating  technique.  W'e  proposed 
that  this  technique  be  applied  to  complex  signal  de¬ 
tection,14  restoration  of  smeared  photographic  images.15 
and  image  addition  and  subtraction.16  Recently  we 
applied  this  white-light-processing  technique  to 
multi-image  regeneration.19  archival  storage  of  color 
films,20  pseudocolor  encoding,21'22  color  restoration  of 
faded  color  films.23  and  color  image  processing.24-25  W'e 
have  shown  that  the  white-light  optical -processing 
system  offers  the  advantage  of  artifact-noise  suppres¬ 
sion  and  that  the  system  is  simple  and  economical  The 
use  of  the  diffraction -grating  concept  in  coherent  optical 
information  processing  for  multiple-image  storage  was 
first  reported  by  Mueller.26  He  also  applied  the  same 
concept  for  color  image  retrieval.27  Goedgebuer  and 
Gazeu28  recently  employed  light  dispersion  with  a  pair 
of  prism  dispersers  to  obtain  spatial  coherence  for  1-D 
signal  correlation. 

In  this  Letter  we  demonstrate  experimentally  that 
a  linear  smeared  image  can  be  corrected  with  the 
white-light-processing  technique.  Since  the  essential 
part  of  optical  processing  is  the  synthesis  of  a  deblurring 
complex  filter.2-7'29-30  we  will  briefly  describe  a  technique 
of  deblurring  filter  synthesis. 

First  we  describe  the  white-light-processing  tech¬ 


nique  for  smeared-image  deblurring.  As  is  shown  in 
Fig.  1,  we  place  a  smeared-image  transparency  in  con¬ 
tact  with  a  sinusoidal  phase  grating  at  the  input  plane 
Pi.  The  complex  light  distribution,  for  a  given  wave¬ 
length  X,  in  the  spatial  frequency  plane  would  be1314 


E(aM)  •  C,S(a.l 3)  +  C2S U 


+  C3S 


(1) 


where  S(a,/3)  is  the  Fourier  spectrum  of  the  smeared- 
image  transparency  5(x,y),  p0  is  the  spatial  frequency 
of  the  diffraction  grating,  /  is  the  focal  length  of  the 
achromatic  transform  lens,  (a,£?)  is  the  spatial-coordi¬ 
nate  system  of  the  Fourier  plane  P2,  and  C’s  are  the 
complex  constants.  F or  simplicity,  we  assume  that  the 
input  transparency  is  spatial  frequency  limited  and  that 
the  smearing  is  in  the  y  direction  of  the  input  spatial 
plane.  W'e  further  assume  that  a  narrow-band  (i.e., 
band-limited)  deblurring  filter,  for  a  given  wavelength 
X0.  is  provided,  as  is  shown  in  Figs.  2  and  3  of  Ref.  15. 

If  we  insert  the  deblurring  filter  oiHfdt  over  a  narrow- 
spectral  band  of  the  smearea-signal  spectra  S[a  - 
(\f/2~)p0,3]  at  X  *  X0.  then  the  complex  light  field  at 
the  output  plane  P3.  for  a  given  wavelength  X  over  the 
deblurring  filter,  can  be  evaluated  by  the  following  in¬ 
tegral  equation: 


1 


Fig.  1.  A  white-light  optical  information  processor.  I. 
w'hite-light  point  source:  5tx.yi.  smeared -imaee  transparency: 
Tixi,  diffraction  grating:  L;  and  L;.  achromatic  transform 
lenses:  Hi 3).  debiurring  spatial  filter. 
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Fig.  2.  Generation  of  amplitude  filter.  S,  monochromatic 
plane  wave;  L,  cylindrical  transform  lens. 


g(x,y:\)  ■=  Jai "  5(«  ~ 

X  ,xp[| 

where  C  is  a  complex  constant  and  H(3)  is  the  de¬ 
blurring  filter.  The  corresponding  output-light  in¬ 
tensity  distribution  can  be  approximated  by 

/(*, y)  z*  f  |^(x,y;X)  |-d-\ 

%J  AX 

a:  K  AA|S(x,y)  explipox)  *  h ( v)|2,  (3) 

where  AA  ss.  ,\0  (4Ap/p0)  is  the  narrow  spectral  band  of 
light  over  the  deblurring  filter,  h(y)  is  the  spatial  im¬ 
pulse  response  of  H(l3),  *  denotes  the  convolution  op¬ 
eration.  and  K  is  a  proportionality  constant.  F rom  the 
above  equation,  we  see  that  the  filtered  image  is  dif¬ 
fracted  around  the  optical  axis  at  the  output-image 
plane  P3. 

We  now  describe  a  simple  technique  of  synthesizing 
a  deblurring  filter  in  which  the  complex  filter  is  syn¬ 
thesized  as  the  product  of  an  amplitude  and  a  phase 
filter.  The  amplitude  filter  can  be  generated  by  re¬ 
cording  a  1-D  signal  spectrum  of  a  slit  aperture  on  a 
photographic  plate.  The  width  of  the  slit  corresponds 
to  the  smearing  length  of  the  blurred  image.1-15  A  1-D 
cylindrical  transform  lens  can  be  used  to  obtain  an  ap¬ 
propriate  1-D  Fourier  spectrum,  as  shown  in  Fig.  2.  To 
obtain  the  required  amplitude-transmittance  function, 
we  control  the  film  gamma8  of  the  recorded  film  equal 
to  1. 

In  the  generation  of  a  deblurring  phase  filter,  a 
black-and-white  bar  pattern  on  a  high-contrast  film,  as 
shown  in  Fig.  3,  is  recorded.  The  width  of  the  bar  pat¬ 
tern  is  determined  by  the  wavelength  and  the  smearing 
length  of  the  image.1-15  We  also  add  a  transparent 
reference  point  in  an  area  near  the  recorded  bar  pattern. 
The  recorded  binary  bar  pattern  is  used  as  a  mask  to 
reproduce  a  number  of  gray-level  bar  patterns  on  a 
low-contrast  photographic  plate.  If  the  recorded 
photographic  plate  is  bleached,  then  a  set  of  spatial 
phase  filters  can  be  obtained.  T o  search  for  an  appro¬ 
priate  "-phase  filter,  we  used  a  Ronchi-tvpe  grating  as 
an  input  object  in  a  coherent  optical  processor  and 


placed  a  bleached  reference  point  over  the  zero-order 
spectrum  at  the  spatial -frequency  plane,  as  shown  in 
Fig.  4.  If  a  contrast-reversed  image  is  observed  at  the 
output  plane,  then  the  corresponding  bleached  bar 
pattern  must  be  a  ir-phase  filter  with  respect  to  the 
wavelength  of  the  coherent  source. 

In  an  experimental  demonstration,  we  first  simulated 
a  linear  smeared  photographic  image.  The  simulation 
was  accomplished  by  recording  a  linear  object  motion 
on  a  photographic  film  and  then  contact  printing  to 
obtain  a  positive  smeared-image  transparency.  To 
ensure  linearity  in  amplitude  transmittance,  we  con¬ 
trolled  the  overall  film  gamma  to  about  2.  The  white- 
light  source  that  we  used  for  our  experiments  was  a 
75-W  xenon-arc  lamp  with  a  100-pm  pinhole,  which 
acted  as  a  point  source.  Since  we  used  a  white-light 
source,  index-matching  liquid  gates  were  not  used  in  our 
experiments.  The  spectral  width  of  the  deblurring 
complex  filter  used  was  about  100  A.  the  center  wave¬ 
length  Ao  was  5154  A,  and  spatial  bandwidth  of  the  filter 
contained  five  main  lobes.  The  results  of  the  first  ex¬ 
periments  are  shown  in  Fig.  5.  A  slit  aperture  of 
0.5-mm  width  was  used  as  a  linear  blurred  object,  as 
shown  in  Fig.  5(a).  Figure  5(b)  shows  the  deblurring 
image  obtained  with  the  white-light  optical-processing 
technique.  For  comparison  we  also  provide  the  de¬ 
blurring  image  obtained  with  a  coherent  optical-pro- 
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Fig.  3.  Phase-filter  mask. 
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Fig.  4.  A  technique  of  determining  a  r-phase  filter  through 
contrast  reversal. 
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(a)  <b)  tc) 

Fig.  5.  Smeared-image  restoration  of  a  slit,  (a)  Original  slit 
aperture,  (b)  deblurred  with  white-light  processing,  (c)  de¬ 
murred  with  coherent  processing. 
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(a)  (b)  (c) 

Fig.  6.  Smeared-image  restoration  of  the  word  optics,  (a) 
Original  smeared  image,  (b)  deblurred  with  white-light 
technique,  (c)  deblurred  with  coherent  technique. 


cessing  technique,  as  shown  in  Fig.  5(c).  From  Fig.  5, 
we  see  that  the  coherent  artifact  noise  was  substantially 
suppressed  with  the  white-light-processing  technique. 
Compared  with  the  original  slit  width,  the  deblurring 
ratio  obtained  with  the  white-light-processing  technique 
is  about  17  to  1. 

As  a  second  experimental  result,  Fig.  6(a)  shows  a 
linear  smeared  photographic  image  of  a  word  optics  as 
a  blurred  object.  Figure  6(b)  shows  the  deblurred 
image  obtained  with  the  white-light-processing  tech¬ 
nique,  and  Fig.  6(c)  shows  the  result  obtained  with  the 
coherent-processing  technique.  In  our  experiments, 
an  argon  laser  emitting  a  wavelength  of  5154  A  of  green 
light  was  used.  Again,  from  the  results  shown  in  Fig. 

6.  we  see  that  the  artifact  noise  was  substantially  re¬ 
duced  with  the  white-light-processing  technique.  The 
deblurred  image  obtained  with  the  coherent  technique 
appears  to  be  sharper  than  the  one  obtained  with  the 
white-light  technique  because  of  the  high  spatial  co¬ 
herence  of  the  light  source.  However,  the  drawback  can 
be  overcome  if  one  uses  a  smaller  white-light  source  (i.e., 
a  pinhole)  and  a  broad-spectral-band  deblurring  filter 
to  cover  the  entire  smeared-signal  spectrum.  In  other 
words,  a  fan-shaped  filter  can  be  used  to  compensate  for 
the  changing  size  of  the  signal  spectrum.  Design  of  such 
a  fan-shaped  filter  is  under  investigation.  We  believe 
that  such  a  filter  can  be  synthesized  with  a  optical- 
coating  or  computer  technique. 

In  conclusion,  we  point  out  that  linear  smeared-image 
restoration  can  be  easily  achieved  with  a  white-light- 
processing  technique.  Compared  with  the  deblurred 
images  obtained  with  a  coherent-processing  technique, 
those  obtained  by  white-light  techniques  exhibit  lower 
coherent  artifact  noise.  The  white-light-processing 
technique  described  in  this  Letter  possesses  the  ad¬ 
vantages  of  both  coherent  and  incoherent  processing. 
For  example,  it  is  capable  of  processing  the  signal  in 
complex  amplitude  like  a  coherent  processor,  and  at  the 
same  time  it  suppresses  the  coherent  noise  like  an  in¬ 
coherent  processor.  Moreover,  the  white-light  de¬ 


blurring  technique  is  simple  and  economical.  To 
compensate  for  the  scaling  of  the  signal  spectrum,  which 
is  linearly  proportional  to  wavelength,  a  fan-shaped 
filter  can  be  used.  Finally,  we  note  that  the  white-light 
deblurring  technique  is  also  suitable  for  smeared- 
color-image  restoration,  which  is  currently  being  in¬ 
vestigated. 
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A  technique  of  source  encoding  of  an  extenaed  incoherent  source  (or  image  subtraction  is  presented  The  source- 
encoding  constraints  are  obtained  from  the  coherence  requirement  (or  the  subtraction  operation  Source  encoding 
increases  the  available  light  power  for  the  processing  operation,  as  a  small  incoherent  source  is  no  longer  required 
An  experimental  result  obtained  with  the  encoded  incoherent-source  technique  is  given  A  similar  result  obtained 
by  using  a  coherent  technique  is  included  for  comparison. 


Optical  image  subtraction  with  complex  amplitude 
was  described  by  Gabor  et  al. 1  more  than  a  decade  ago. 
The  technique  involves  successive  recordings  of  two  or 
more  complex  diffraction  patterns  on  a  holographic 
plat*  and  the  subsequent  reproduction  of  the  composite 
hologram  images.  A  few  years  later,  Bromley  et  al.2 
described  a  holographic  Fourier  subtraction  technique 
with  which  a  real-time  image  and  a  previously  recorded 
hologram  image  can  be  subtracted.  Although  Bromley 
et  al.  achieved  good  image  subtraction  in  their  experi¬ 
ments  it  appears  that  the  illumination  for  the  hologram 
image  reconstruction  must  be  arranged  carefully.  In 
a  more  recent  paper.  Lee  et  al.2  proposed  a  method 
whereby  image  subtraction  and  addition  can  also  be 
achieved  by  a  diffraction-grating  technique.  This 
technique  involves  the  insertion  of  a  diffraction  grating 
in  the  spatial-frequency  domain  of  the  coherent  optical 
processor. 

However,  most  of  the  image  subtraction  techniques4 
require  a  coherent  source.  Such  sources  introduce  co¬ 
herent  artifact  noise  which  limits  their  processing 
capabilities.  In  previous  papers5-6  we  have  proposed 
a  technique  of  image  subtraction  that  requires  an  in¬ 
coherent  point  source.  However,  a  small  incoherent 
source  is  difficult  to  obtain  in  practice.  Nevertheless, 
this  difficulty  can  be  removed  with  the  source-encoding 
technique  that  is  discussed  in  this  Letter. 

Optical  image  subtraction  with  the  diffraction -grating 
technique  developed  by  Lee  et  al  2  is  basically  a  one- 
dimensionai  processing  operation.  Instead  of  using  a 
point  source  of  light,  one  can  use  a  line  source  perpen¬ 
dicular  to  the  separation  of  the  two  input  object  trans¬ 
parencies.  Since  the  image  subtraction  operates  upon 
the  corresponding  image  points  to  be  subtracted,  a 
strictly  broad  spatial-coherence  requirement  is  not 
needed.  Thus  it  is  possible  to  encode  an  extended 
source  in  order  to  obtain  a  reduced  point-pair  spatial 
coherence  for  the  image-subtraction  operation. 

In  evaluating  the  spatial-coherence  requirement  tor 
subtraction,  we  apply  partially  coherent  imaging  theory" 
at  the  spatial-frequency  plane  P~<  of  an  optical  processor, 
a?  shown  in  Fir.  1.  The  mutual  coherence  function  is 


X 


A  ' 


i  a  * 


Optics  Leners. 


where  the  integration  is  over  the  input  plane  P->.  i;  and 
x;f  are  the  spatial -coordinate  systems  of  Pi  and  P:<, 
H2lx2.  i'2)  is  the  complex  coherence  function  at  the 
input  plane  Pi,  /lx 2 •  is  the  input  object  function  at  P 2 
and  can  be  expressed  as/Uo)  =  ~  hqi  +  Oyxn  + 

h(li;  Oi(xi)  and  Ojlxo)  are  the  two  input  object  trans¬ 
parencies.  and 


K2(x2.  x3)  =  exp  t'25r 


XiX3 


X/ 


(2) 


is  the  transmittance  function  between  planes  Po  and  P:,. 
X  is  the  wavelength  of  the  light  source,  and  /  is  the  focal 
length  of  the  transform  lens  Lo. 

Thus  the  mutual  coherence  function  immediately 
after  the  diffraction  grating  G.  with  a  spatial  period  d 
=  l\f)/h 0.  can  be  shown  to  be 


mlx5.x'3)  = 
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where  we  ignored  the  dc  term  of  the  diffraction  grating 
and  C  =  1/2  11  -  cos[2r(ho/X;  u?]i  is  a  cosine  grating. 
We  note  that  for  complex  image  addition  of  sine  grating 
should  be  used.  The  image  intensity  at  the  output 
plane  P*  is 


/uv  =  JJ* A-’?»exp  \  :2~  'v  - 7—  x4|  dx?dx’s. 


1 4 1 


where  the  integration  is  over  the  spatial-frequency  plane 
and  xA  is  the  output  spatial  coordinate  system. 

Let  us  substitute  Eos.  1 2 1  and  (S'  into  Ec.  Ui  and 
integrate  over  the  spatial-frequency  plane.  Considering 
only  the  image  terms  arounc  the  origin  of  the  output 
plane  P4.  we  have 


I  o'— av  =  ju;‘2h..ij  iOy.A;1  -  Oyx 
-  -  ie_-2h.  c<:'a4 
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where  |m(2Ao)|  is  the  degree  of  spatial  coherence.  If  the 
degree  of  coherence  |m(2>io)|  is  high,  i.e.,  if  v(2h0)  ^  1, 
then  Eq.  (5)  reduces  to 

/0(-*4 )  »  |0i(*4>  “  C>2<^4> I2.  lM2<2h0)|  =•  1.  (6) 


Thus  we  see  that  spatial  coherence  is  required  for 
every  pair  of  subtracted  image  points.  In  other  words, 
only  a  point -pair  spatial -coherence  requirement  |m2(*2 
-  *'2)|  |  for  | x  2  —  ^  2 1  =  2h0  is  needed  for  the  sub¬ 
traction  operation. 

In  source-encoding,  we  let  the  intensity  transmittance 
of  the  encoding  mask  be 

L  rect  I*1  ~  ndj  ,  (7) 


a  multiple-slit  source,  where  N  is  the  number  of  encoded 
slits,  s  is  the  slit  width,  and  d  is  the  spacing  between  slits 
of  the  encoding  mask.  We  note  that  d  is  also  the  spatial 
period  of  the  grating  G.  At  the  input  plane  P2,  the 
spatial  coherence  function  can  be  shown," 

•  L,  *2-*' 
sin  Arrr  — - - 

,  ,  v  \  ho 

M2U2  -  *  2)  = - ; - ; 

»,  •  x?  —  X 

M  sin  r  — - - 
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X  sine 


tTT(‘x 2 -*'2) 
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where  d  =  X//h0.  From  this  equation  we  see  that  the 
last  sine  factor  is  identical  with  the  single-slit  case, 
which  represents  a  broad  spread  of  coherence  over  (x2 
-  x'2).  However,  the  first  factor,  for  large  values  of  A*, 
converges  to  a  sequence  of  narrow  pulses.  The  locations 
of  the  pulses  (i.e..  the  peaks)  occur  at  every  x  *  x«  -  x'2 
*  n  \f/d.  which  yields  a  spatial-coherence  discrimina¬ 
tion  of  n(\f/d)  over  the  input  plane  P2.  Thus  the 
multislit  source  encoding  not  only  provides  the  point - 
pair  coherence  needed  for  image  subtraction  but  also 
provides  a  higher  available  light  power  for  the  operation. 
In  other  words,  the  multislit  encoding  utilizes  the  light 
source  more  effectively  so  that  the  inherent  difficulty 
of  acquiring  a  small  incoherent  source  can  be  re¬ 
moved. 

In  our  experiment  a  mercury-arc  lamp  with  a  green 
filter  was  used  as  an  extended  incoherent  source.  A 
multislit  mask  was  used  to  encode  the  light  source.  The 
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Fig.  2.  Image  subtraction,  (a),  (b)  Input  object  transpar¬ 
encies,  (c)  subtracted  image  obtained  with  incoherent  tech¬ 
nique,  (d)  subtracted  image  obtained  with  coherent  tech¬ 
nique. 


slit  width  s  was  2.5  Mm,  the  spacing  between  slits  was  25 
Mm,  and  the  overall  size  of  the  mask,  which  contained 
about  100  slits,  was  about  2.5  mm  X  2.5  mm.  The  focal 
lengths  of  the  transform  lenses  were  300  mm.  A  liquid 
gate,  which  contained  the  two  object  transparencies  of 
size  6  mm  X  8  mm  was  inserted  immediately  behind  the 
collimator.  A  sinusoidal  phase  grating  with  a  period  of 
25  gm  was  used  in  the  spatial-frequency  plane  P3.  The 
separation  between  the  two  input  images  to  P2  was  13.2 
mm. 

In  our  experiments,  a  set  of  binary  images  as  shown 
in  Figs.  2(a)  and  2(b)  was  used  as  input  objects.  Figure 
2(c)  shows  the  subtracted  image  obtained  with  this 
source-encoding  technique.  For  comparison  the  sub¬ 
tracted  image  obtained  with  the  conventional  coherent 
processing  technique  is  shown  in  Fig.  2(d).  As  can  be 
seen,  we  obtained  better  artifact-noise  suppression  by 
using  the  incoherent  technique,  which  results  in  a  better 
subtracted  image. 

We  have  introduced  a  source -encoding  technique  for 
image  subtraction.  W‘e  stress  that  the  concept  of  source 
encoding  may  be  extenaed  to  other  information  pro¬ 
cessing  operations.  W'e  also  note  that  image  subtrac¬ 
tion  with  the  encoded  extended  incoherent -source 
technique  is  generally  simple,  versatile,  and  economical 
to  operate.  It  may  offer  a  wide  range  of  practical  ap¬ 
plications.  In  addition,  the  technique  is  also  capable 
of  operating  in  a  real-time  mode 
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Image  subtraction  with  an  encoded  extended 
incoherent  source 

S.  T.  Wu  and  F.  T.  S.  Yu 


A  technique  of  encoding  an  extended  incoherent  source  for  image  subtraction  is  presented  The  source  en¬ 
coding  is  obtained  from  the  coherence  requirement  for  image  subtraction  operation  Since  the  coherence 
requirement  is  a  point-pair  concept  for  image  subtraction  the  encoding  can  lake  place  bv  spatial  sampling 
an  extended  incoherent  source  with  narrow  slit  apertures  The  basic  advantage  of  the  source  encoding  is 
to  increase  the  available  lighl  power  for  the  processing  operation,  so  that  the  inherent  difficulty  of  obtaining 
a  very  small  incoherent  source  esn  be  alleviated  Experimental  results  obtained  with  this  encoded  incoher¬ 
ent  source  are  given  Comparisons  with  the  results  obtained  by  processing  technique  are  also  provided. 
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I.  Introduction 

One  most  interesting  and  important  application  of 
optical  information  processing  must  be  image  sub¬ 
traction.  The  applications  may  be  of  value  in  urban 
development,  earth  resource  studies,  meteorology, 
highway  planning,  land  use,  inspection,  automatic 
tracking  and  surveillance,  etc.  Optical  image  sub¬ 
traction  may  also  apply  to  electrical  and  video  com¬ 
munications  as  a  means  of  bandwidth  compression. 
For  example,  it  is  only  necessary  to  transmit  the  dif¬ 
ferences  between  the  code  words  or  images  in  successive 
cycles  rather  than  the  whole  code  word  or  the  entire 
image  in  each  cycle  (e.g..  TV). 

Ir.  1965.  optical  image  synthesis  by  complex  ampli¬ 
tude  subtraction  was  first  described  by  Gabor  e:  a!.: 
Tne  technique  involves  successive  recordings  of  two  or 
more  complex  diffraction  patterns  on  a  holographic 
piate  and  the  subsequent  reproduction  of  the  composite 
hoiogram  images.  A  few  years  later.  Bromley  e:  a'.  - 
described  a  holographic  Fourier  subtraction  technique, 
for  which  a  real-time  image  and  a  previously  recorded 
hologram  image  can  be  subtracted.  Although  good 
image  subtraction  by  their  experiments  had  been  re¬ 
ported.  it  appears  that  tne  illumination  for  the  hologram 
image  reconstruction  must  be  arranged  carefully.  In 
1970.  Lee  er  a,'.1  proposed  a  technique  so  that  image 
subtraction  and  addition  can  also  be  achieved  by  a  dif¬ 
fraction  grating  technique.  This  technique  involves 
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insertion  of  a  diffraction  grating  in  the  spatial  frequency- 
domain  of  the  coherent  optical  processor.  Good  results 
by  the  diffraction  grating  technique  were  also  reported 
in  their  article.  In  a  more  recent  article.  Zhao  et  al* 
also  proposed  a  technique  of  image  subtraction  utilizing 
a  halftone  screen  method.  However,  their  technique 
cannot  be  implemented  in  real  time. 

There  are  several  other  techniques  available  for  image 
subtraction  which  can  be  found  in  a  review  paper  by 
Ebersole.5  However,  most  of  the  optical  information 
processing  techniques  require  a  coherent  source  to  carry¬ 
out  the  subtraction  operation.  But  coherent  optical 
processing  systems  are  plagued  with  coherent  artifact 
noise,  which  frequently  limits  their  processing  capa¬ 
bilities. 

We  have  in  previous  papers6 ■■  proposed  a  technique 
of  optical  processing  with  an  incoherent  source  for 
complex  signal  detection  and  image  demurring.6"  We 
have  also  extended  the  tecnmque  for  possible  applica¬ 
tion  to  image  subtraction. 101:  However,  to  obtain  a 
spatial  coherence  requirement  for  subtraction  operation 
a  very  small  source  size  is  needed,  but  a  small  incoherent 
source  is  difficult  to  obtain  in  practice.  Nevertheless, 
this  difficulty  may  be  alleviated  with  a  source  encoding 
li.e..  spatial  sampling)  technique,  so  tnat  the  extended 
incoherent  source  can  be  used.  We  have  briefly  dis¬ 
cussed  ir,  a  recent  communication  that  image  subtrac¬ 
tion  can  indeed  obtain  with  an  encoded  extended 
source. ::  The  basic  objective  of  source  encoding  is  to 
utilize  the  light  power  more  effectively  so  that  image 
subtraction  car,  be  carried  out  with  an  extended  inco¬ 
herent  source.  Moreover,  with  the  use  of  an  incoherent 
source,  coherent  artifact  noise  car.  be  avoided.  We 
stress  that  this  image  subtraction  system  is  capable  of 
operating  ir.  tne  real-time  mode,  and  it  is  generally 
simple,  versatile,  and  economical. 
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Fig.  1.  Young  *  experiment*  with  an  extended  aource. 


Basically,  the  optical  image  subtraction  is  a  1-D 
processing  operation.  Instead  of  utilizing  a  point  source 
of  light,  a  line  source  of  light  can  be  used  for  the  sub¬ 
traction  operation.  Since  the  spatial  coherence  re¬ 
quirement  for  subtraction  operation  is  a  point-pair 
concept,  a  strictly  coherence  requirement  is  not  needed. 
In  other  words,  it  is  possible  to  encode  an  extended  in¬ 
coherent  source  to  obtain  a  point-pair  coherence  re¬ 
quirement  for  image  subtraction  operation. 


II.  Young's  Experiment  with  Extended  Source 

We  will  now  illustrate  the  concept  of  Young's  exper¬ 


iment  for  the  source  encoding.  Let  us  consider  first  a 
narrow  slit  of  light  source  Sj  situated  in  plane  P\  to  Fig. 
1.  To  maintain  a  high  degree  of  spatial  coherence  be¬ 
tween  apertures  Qi  and  Q2.  the  source  Sj  should  be  very 
narrow.  In  other  words,  if  the  separation  between  the 
two  open  apertures  is  larger,  the  narrower  incoherent 
source  S i  is  required.  It  can  be  shown  that,  to  maintain 
a  high  degree  of  coherence,  the  slit  size  can  be  approx¬ 
imated  bv13-14 


5  «  !X'(2h0))  R. 

where  R  is  the  distance  between  planes  P]  and  P2 


We  now  consider  two  narrow  slits  of  light  sources  5] 
and  S2.  as  shown  in  Fig.  1.  If  the  separation  c'between 
the  two  sources  Si  and  S;  satisfies  the  relation 


r2 1  ~  mX. 


where  the  r's  are  the  distances  from  sources  Si  and  S2 
to  the  open  apertures  Q;  and  Q 2  as  shown  in  the  figure. 
m  is  an  arbitrary  integer,  and  X  is  the  wavelength  of  the 
light  source,  the  interference  fringes  due  to  each  slit 
source  are  in-phased,  and  a  brighter  fringe  pattern  can 
be  observed  at  plane  Pj.  With  the  application  of  Eq. 
(2).  we  can  employ  many  narrow  slit  sources  since  we 
wish  to  obtain  a  coherent  fringe  pattern  at  the  output 
plane  Pj.  We  note  that  the  separations  between  any 
of  the  two  slit  sources  should  satisfy  the  fringe  (i.e.. 
spatial  coherence' condition  of  Eq.  (2).  If  the  separa¬ 
tion  R  between  planes  P;  and  P;  is  large,  i.e..  R»c.  and 
P  »  2 h(..  the  coherent  condition  of  Eq.  ( 2 1  becomes 


From  this  equation  we  see  that  equal  spacing  slits  can 
be  used  so  that  a  brighter  fringe  pattern  can  be  ob¬ 
served.  We  note  that  the  intensity  of  the  fringe  pattern 
increases  linearly  as  the  number  of  slits  increases.  Thus 
on  one  hand  the  source  encoding  preserves  the  coher¬ 
ence  requirement,  and  on  the  other  hand  it  increases  the 
overall  intensity  of  illumination.  Therefore,  with  ap¬ 
propriate  source  encoding,  an  extended  source  may  be 
efficiently  utilized. 


Hi.  Spatial  Coherence  Requirement 

We  will  now  adopt  the  concept  of  source  encoding  in 
evaluating  the  spatial  coherence  requirement  for  image 
subtraction  operation.  With  reference  to  the  incoher¬ 
ent  optical  processor  of  Fig.  2.  we  see  that  the  processor 
is  similar  to  that  of  a  coherent  optical  processor  except 
with  an  extended  incoherent  source  and  an  encoding 
mask.  Since  image  subtraction  is  a  1-D  operation,  we 
will  adopt  a  1-D  notation  for  our  analysis. 

In  evaluating  the  spatial  coherence  requirement,  we 
use  partially  coherent  imaging  theory.13-14  The  mutual 
coherence  function  at  the  spatial  frequency  plane  Pj 


M3(*3.*3>  1 


M2  (*  2.X  l)/(*  })f’  (*  :)/<2(x  sJC )) 


x  Kj  (xjjjidxjcixj. 


where  the  integration  is  over  the  input  plane  P2;  x2.  ar2, 
x  3,  and  *3  are  the  position  coordinates  of  P2  and  P 3, 
respectively,  M2(*2-*2)  is  the  complex  coherence  function 
at  the  input  plane  P2;  fix  3)  is  the  input  function  at  P2, 
which  can  be  expressed  as 


O1U2  —  hg)  +  O3U2  *  ho), 


where  Oi(x2)  and  0 j(x2)  are  the  two  input  object 
transparencies  and 


h’2(X2.X3)  ' 


is  the  transmittance  function  between  planes  P2  and  P 3. 
X  is  the  wavelength  of  the  light  source,  and  { is  the  focal 
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length  of  the  transform  lens  L2.  Equation  (4)  can  also 
be  written 

*4;|(x 3.X 3)  *  *i2(X2,X2)|fh(X2  —  ho)  +  O^iX?  4  /lo)] 

x  [Oj  (x2  _  *0'  +  02  lx2  +  *0)] 

/.„  X3X2  -  x,x2\  ,  , 

X  exp|i2ir - — - jdx2<fx2,  (<) 

where  superscript  ’  denotes  the  complex  conjugate. 

It  is  clear  that  the  mutual  coherence  function  im¬ 
mediately  behind  the  diffraction  granting  G,  with  a 
spacing  period  d  =  (\f)/h0,  is 

M3<*3.*3>  “  eXP(i2r  ~X3J  -  expj-/2r  yyX3J 

X  expj-i'2r  "X3J  -  expj/2r  yy  x3j  u3(x3.x3),  (8) 

where  we  ignore  the  dc  term  of  the  diffraction  grating. 
The  image  intensity  at  the  output  plane  P4  is 

/<*«>  =  J'j' p-i(j3.x3)  exp|)2r  —  X-  x4|dx3dx3.  (9) 

where  the  integration  is  over  the  spatial  frequency 
plane,  and  x4  is  the  output  spatial  coordinate  system. 

By  substituting  Eqs.  (7)  and  (8)  into  Eq.  (9)  and  in¬ 
tegrating  over  the  spatial  frequency  plane,  we  have 

l(x  4)  «  J'J"  *i(X2.X2)|Oi(X;  -  ho )  +  02{x  2  +  A0)][Oj(xi  —  h0)  +  02(X  2 

•  1 X 2  4  X4  4  flo)6(X2  4  X4  +  ho)  4  6(x2  4  X4  —  Ao)5(x2  4  14  “ 

-  id*  +  i(  +  h0)6(Xj  +  x4  -  h0)  -iuj  +  i<-  Ao)i(x2  4j(4 

where  o(x)  is  the  Dirac  delta  function.  Let  us  assume 
that  n(x2.x2)  ta^es  form  n(x^  -  x2)  and  u(x)  - 
vm(-x ).  If  we  evaluate  Eq.  (10)  termwise  and  note  that 
the  input  images  are  spatially  limited,  we  have 

/ll4>  *  0  )  [  |  0 1  <  — JC  4)  1  2  4  |02'-X4)|51  “  «(2h0)0,(-X4'0';  ( — X  4) 

-u'  (2ho)0]<  -x4)G2t-x4)  +  m(o)[Oi(-X4  -  2/i0)|: 

-  I02'  — x4  -  2h0)!2).  (Ill 

where  u(2hoi  =  iu(2ho)|  exp(i<t>)  is  a  complex  quantity. 
We  stress  that  phase  factor  ©  can  be  avoided  by  ad¬ 
justing  the  grating  position  G. 

We  now  consider  only  the  image  terms  around  the 
origin  of  the  output  plane  P4. 


IV.  Source  Encoding 

We  will  now  search  a  source  encoding  so  that  point- 
pair  spatial  coherence  can  be  established.  We  will 
adopt  the  concept  of  Young's  experiment  that  we  de¬ 
scribed  in  a  previous  section.  Now  we  insert  a  mask 
transparency  for  the  source  encoding  at  the  front  focal 
plane  P\  of  the  collimator  L\  as  shown  in  Fig.  2.  The 
spatial  coherent  function  *i(x2.;t2)  over  the  input  plane 
P2  can  be  written13 

*i)X2.X2)  *  .f  S(X])A.'i(XiJ21Pi<Xi.J2I^Xi.  (14) 

where  S(*j)  is  the  intensity  transmittance  function  of 
the  mask,  and  Aj(*i.*2)  is  the  transmittance  function 
between  planes  P\  and  P2.  We  assume  that  the  mask 
is  located  within  an  isoplanatic  patch,  and  A'](xia2)  can 
be  written13 

x,x2  /  bX 

Ai(X|.J2' “  expi  2r 4  (|x:  ~  xi  yj  •  (15) 

where  t(x )  is  the  wave  aberration  of  the  collimator,  and 
b  is  the  distance  between  the  collimator  and  the  input 
plane  P2. 

We  note  that  if  b  is  sufficiently  small,  i.e..  (6//)ximaJ 
«  x2l  the  transmittance  function  of  Eq.  (15)  can  reduce 


ho' 

holjcfx  2dx  2,  (10) 


/o'  “X 4 )  *  1  u f 2hol 1 1 0 1 (x 4 1  -  x: 4>  j 2 

*  11  -  |*i<2M)[|0,U4>I:~  l02U4>i5j. 


for  c  «  0. 


From  Eq.  (12)  we  see  that  the  Firs:  term  is  propor¬ 
tional  to  the  intensity  of  the  subtracted  image,  and  the 
second  term  is  proportional  to  the  sum  of  the  image  ir- 
raaiances.  where  |u(2h0)|  is  the  degree  of  spatial  co¬ 
herence.  If  the  degree  of  coherence  |u(2A0)|  is  high,  i.e.. 
u(2h0)  as  1.  Eq.  (12)  reduces  to 

lo  -x,i  a  1 0 ;  *  x  4  ’  -  02'X4 1  !*.  for  [  (2h  o'  I  *  1.  'IS' 

Thus  we  see  that  the  spatial  coherence  is  only  needed 
for  every  pair  of  points  :  z  2  —  x2  =  2n(,.  In  other  words, 
only  a  point-t  .hr  spatial  coherence  is  required  for 
subtraction  operation. 

406x  oxTipe  Vo.  2C.  Nc  22  t  Oecer-.oe-  1S£ " 


A'i(x  ,.x 2)  a  exp  j  2r 


By  substituting  Eq.  (16)  into  Eq.  (14).  the  spatial  co¬ 
herence  function  becomes 

wixjj:)  •  expijnx:'  -  «ix;)] 

x  fSuii  exp  :2r  —  ix- -  z.  uer ;  <;■ 

1  A;  ' 

From  the  above  equation  we  see  that  the  spat, a!  co¬ 
herence  function  is  the  Fourier  transform  of  me  mass: 
transmittance  function  moauiatec  by  a  phase  'wave 
aberration )  factor.  However,  the  phase  aberration  will 
not  affect  the  degree  of  mutuai  coherence  \x  2jc ; ) 1  In 
the  remaining  analysis,  we  shall  ignore  the  phase  aber¬ 
ration  and  assume  that  au2.*;i  takes  the  form  u U;  - 
x2). 

Now  we  evaluate  the  degree  of  coherence  i  u  ( 2 A  ©  '•  for 
two  different  cases.  We  will  first  evaluate  a  single-slit 
encoding,  i.e.. 

Sixi '  «  reel  ix;  s  i.  i  IS 

where s  is  the  slit  width.  By  substituting  Eq.  (IS 1  into 
Ec.  (17).  we  have 
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TabM  I.  Spatial  Ceharawca  Naqulramant  tor  Slop**- SIM  Mart 


s/d 

1/2 

1/5 

1/10 

1/20 

ii(2ho> 

0 

0.756 

0.936 

0.985 

period  of  the  grating  G,d  =  (/X)/ho.  if  we  let  *2  _  *2  = 
2h0  *  (2f\)/d,  Eq.  (19)  can  be  written 


fit2h(\)  “  sine  2ir  - 
d 


(20) 


Thus  we  see  that  the  degree  of  spatial  coherence 
|/i(2ho)|  depends  upon  the  ratio  of  the  slit  width  s  to  the 
spacing  d. 

To  gain  a  feeling  of  magnitude,  we  provide  several 
values  of  #r(2ho)  in  Table  I,  from  which  we  can  see  that 
a  high  degree  of  spatial  coherence  can  be  attained  only 
through  a  very  narrow  slit.  For  example,  if  the  spacing 
of  the  grating  d  -  25  >im,  to  achieve  a  high  degree  of 
spatial  coherence  a  slit  width  s  <  2.5  um  should  be  used. 
Thus  it  makes  the  source  too  weak  for  a  practical  pro¬ 
cessing  operation. 

As  noted  in  the  previous  section,  the  spatial  coherence 
requirement  for  image  subtraction  is  a  point-pair 
problem.  It  is  possible  to  encode  the  extended  source 
with  A1  number  of  narrow  slits.  Thus  with  a  multislit 
source  encoding,  an  A'-fold  light  power  can  be  used  for 
the  image  subtraction  operation. 

We  will  now  let  the  intensity  transmittance  of  the 
encoding  mask  be 


£1  lx  —  nd' 

S(*i)  «  ^  rect - 

*-1  « 


(21) 


where  s  is  the  slit  width,  and  d'  is  the  spacing  between 
slits. 

By  substituting  Eq.  (21)  into  Eq.  (17).  the  spatial 
coherence  function  becomes 


sin  A;r 


d'x 


UKX  » 


K  '  I  d  X 
A  sin  r  — 

V. 


Its 

lx/' 


sinc|—  s 


(22 1 


where  x  =  —  x2.  From  the  above  equation  we  see 

tnat  tne  last  sine  factor  is  identical  to  the  single-slit  case 
of  Eq.  ( 19;.  which  represents  a  broac  spread  of  coher¬ 
ence  over  x .  However,  the  first  factor  for  large  values 
of  .V  converges  to  a  sequence  of  narrow  pulses.  The 
locations  of  the  pulses  (i.e..  the  peaks  1  occur  at  every  or 
=  x;  -  x:  -  n(Xfid').  Thus  this  factor  yields  the  fine 
spatial  coherence  discrimination  at  every  point-pair 
separated  at  distance  (X fid')  over  the  input  plane  P 2. 

If  we  let  the  spacing  of  d'  equal  the  spacing  c  of  the 
diffraction  grating  G  (i.e..  c"  =  d),  the  spatial  coherence 
of  Eq.  (22 1  Becomes 


I  V  \ 

sinl.Vr  —  I 


I 


(23i 


A'  «:n;  1 - 1 


cr.  0 


wnere  we  suostitute  c  =  1  a;  ;  rl(t.  r  rorr.  be.  (23 t  we  see 
that  a  sequence  of  narrow  puises  occurs  at  ~  x  -_  -  x: 
=  nr.  .  where  n  is  ar.  integer,  ar.c  their  peak  values  are 
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Coherence  function  obtained  with  multislit  source  encoding, 
where  x  =  |x;  —  x 2I  and  s/d  =  1.5. 


weighed  by  a  broader  sine  factor,  as  shown  in  Fig.  3.  It 
can  be  shown  that  the  w»idth  of  the  pulses  is  inversely 
proportional  to  the  number  of  slits  N.  Thus  the  mul¬ 
tislit  source  encoding  not  only  provides  a  point-pair 
coherence  requirement  for  image  subtraction  but  also 
a  higher  available  light  power  for  the  operation.  In 
other  words,  the  multislit  encoding  utilizes  the  light 
source  more  efficiently,  so  that  the  inherent  difficulty 
of  acquiring  a  small  incoherent  source  can  be  alle¬ 
viated. 


V.  Temporal  Coherence  Requirement 

So  far  we  have  considered  only  the  quasi-mono- 


chromatic  light,  but  the  effect  of  the  temporal  coherence 
has  not  been  discussed.  Since  the  scale  of  Fourier 
spectrum  varies  with  wavelength,  there  is  a  temporal 
coherence  requirement  for  every  processing  operation. 
With  this  consideration,  we  must  limit  the  temporal 
bandwidth  AX  of  the  source  so  that  the  dispersed  Fou¬ 
rier  spectra  will  not  spread  beyond  the  allowable  limit. 
In  the  image  subtraction  operation,  we  should  limit  the 
spectrum  spread  within  a  very  small  fraction  of  the 
grating  spacing  d.  i.e.. 


|(pn,'bXl/2rj  «  c. 


where  p„,  is  the  highest  angular  spatial  frequency  of  the 
input  objects.  /  is  the  focal  iength  of  the  transform  lens. 


and  AX  is  the  spatial  bandwidth  of  the  source. 


Therefore,  the  temporal  bandwidth  of  the  source  should 
be  limited  by  the  following  inequality: 


b.X 


(25' 


r-oP* 


where  X  is  the  center  wavelength  of  the  light  source,  and 


2m  is  tne  separation  0:  tne  input  images. 


To  gain  a  practical  feeling,  we  let  h<  =  6.6  mm.  X  = 
5461  A  anc  take  a  factor  of  10  of  Eq.  '25i.  The  temporal 
BancwiGtn  requirements  AX  for  various  values  0:  spatial 
frequencies  p-  are  tabulated  m  Table  II.  We  see  tnat. 
if  tne  spatial  frequency  of  the  input  objects  is  low.  a 
broader  tempera!  randw  jctr.  of  tne  hgr.t  source  car.  oe 
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Ta6t*  N.  Tempo *1  Cohprane*  Rpqukpmantt 


—  (lincfi/mm) 

2  T 

0.5 

1 

5 

20 

100 

AAiAi 

166 

83 

16.5 

4.1 

0> 

used.  In  other  words,  the  higher  the  spatial  frequency 
of  the  input  objects,  the  narrower  the  temporal  band¬ 
width  required.  We  assumed  that  all  the  lenses  are 
achromatic. 

VI.  Experimental  Results 

In  our  experiments,  a  mercury  arc  lamp  with  a  green 
filter  was  used  as  an  extended  incoherent  source.  A 
multislit  mask  was  used  to  encode  the  light  source.  The 
slit  width  s  was  2.5  nm.  the  spacing  of  slits  d'  was  25  )im, 
and  the  overall  size  of  the  mask  was  ~2.5  X  2.5  mm2, 
which  contained  ~100  slits.  The  focal  length  of  the 
transform  lenses  was  300  mm.  A  liquid  gate  containing 
two  object  transparencies  of  ~6  X  8-mm2  size  was  in¬ 
serted  immediately  behind  the  collimator.  A  sinusoidal 
phase  grating  with  a  spacing  period  of  25  *xm  was  used 
in  the  spatial  frequency  plane  P a  of  Fig.  2.  The  sepa¬ 
ration  between  the  two  input  images  to  P2  was  13.2  mm. 
We  evaluated  the  coherence  area  at  the  input  plane  Pi 
as  ~75  X  75  m m2.  We  note  that  the  coherence  area  is 
rather  small  and  the  spacing  of  the  diffraction  grating 
should  be  accurately  matched  with  the  spacing  of  the 
slits. 


For  our  first  demonstration,  we  provide  two  contin¬ 
uous  tone  images  as  input  object  transparencies  as 
shown  in  Figs.  4(ai  and  (bl.  By  comparing  these  two 
figures,  we  see  that  a  liquid  gate  was  withdrawn  from  the 
optical  brench  in  Fig.  4(b).  Figure  4(c)  shows  the  sub¬ 
tracted  image  obtained  with  this  incoherent  processing 
technique,  while  Fig.  4(d  I  is  obtained  with  the  coherent 
processing  technique.  From  '  he  result  obtained  with 
the  incoherent  technique,  a  profile  of  a  subtracted  liquid 
gate  can  be  seen.  While  from  the  result  obtained  with 
the  coherent  technique,  the  subtracted  image  is  severely 
damaged  by  the  coherent  artifact  noise.  Thus  we  see 
that  the  incoherent  technique  offers  a  better  image 
quality  and  contains  virtually  no  coherent  artifact 
noise. 

Although  a  liquid  gate  was  used  in  the  experiment, 
however,  the  phase  fluctuation  created  by  the  density 
fluctuation  of  the  photographic  film  cannot  be  com¬ 
pletely  compensated.  As  Chavel  and  Lowenthal1617 
have  shown,  incoherent  processing  can  indeed  suppress 
the  phase  noise  effectively,  which  can  be  seen  from  Fig. 
4(c). 

For  our  second  demonstration,  we  again  provide  two 
continuous  tone  objects  of  a  parking  lot  as  input  object 
tranparencies.  as  shown  in  Figs.  5(a)  and  (b).  From 
these  two  input  object  transparencies,  we  see  that  a  dark 
gray  small  passenger  car  in  a  parking  lot  as  showm  in  Fig. 
5(a)  is  missing  in  Fig.  5(b).  Figure  5(c)  is  the  result  of 
a  subtracted  image  obtained  from  the  incoherent  image 
subtraction  technique  as  described  in  this  paper.  In 
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this  figure,  the  profile  of  the  missing  passenger  car  can 
readiiy  be  seen  at  tne  output  image  plane  PA.  It  is  also 
interesting  to  note  that  the  parking  line  on  the  right  side 
of  tne  missing  passenger  car  and  tne  shadow  can  clearly 
be  seer.  ir.  the  suotraciec  image  of  Fig.  5ici. 

VII.  Summary 

V\  e  nave  introduced  a  source  encoding  technique  for 
image  subtraction.  The  source  encoded  function  was 
evaluated  from  a  specific  coherence  requirement  for 
image  suntractior.  operation.  Since  tne  image  sub¬ 
traction  is  a  point-pair  promem.  and  the  processing  is 
essentially  a  -L  operation,  it  is  possible  to  obtained  a 
required  coherence  function  by  encoding  ar.  extenaec 
source  with  a  set  of  narrow  slits  In  other  words,  the  slit 
wictn.  the  spacing  of  the  silts,  anc  the  number  cf  slits 
determine  tne  spatial  co.nerence  requirement. 

Tne  oasic  acvar.tage  o:  tne  source  encoding  is  to  in¬ 
crease  tne  available  iigr.t  power  lor  tne  processing  op¬ 
eration.  so  that  the  mnerer.t  difficulty  of  acquiring  a 
very  small  mconerer.:  source  car.  be  alleviated  We 
stress  tr.at  tne  concert  <•:  sc  urce  encoding 
tencec  t^otner  me  :  nereut  intormatior.  pro 


image  subtraction  operation.  If  the  spatial  frequency 
requirement  for  the  image  subtraction  is  high,  a  higher 
tempera!  coherence  ii.e..  a  narrower  spectral  width  i  of 
the  light  source  is  required. 

In  experimental  demonstrations,  we  have  shown  both 
the  results  obtained  with  tne  incoherent  processing  anc 
coherent  processing  techniques.  By  comparing  these 
results,  we  conclude  that  the  incoherent  processing 
technique  offers  a  better  artifact  noise  suppression  and 
better  image  quality. 

Finally,  we  also  stress  that  the  incoherent  image 
suntractior.  technique  is  generally  very  simple,  versatile. 
2nd  economical  to  operate.  It  may  offer  a  wide  range 
of  practical  applications,  lr.  addition,  the  tecnnicue 
aiso  capable  of  operating  ir.  a  real-time  moce. 

Tne  authors  wish  to  acknowledge  K.  Shoemaker,  d. 
P.  MonKowski.  and  tneir  students  of  tne  Sc. he  state 
Laboratory  for  their  assistance  ir.  preparing  the  en¬ 
coding  masks.  Many  thanks  go  to  S.  L.  Zr.uang  tor  his 
valuable  comments  anc  suggestions  Tne  aut.norr  a.s- 
wish  t<*  acitnowieage  tne  support  bv  tne  L  ,S  Am  Force 
dunce  c :  S; : 
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VISUALIZATION  OF  COLOR  CODED  PHASE 
VARIATION  WITH  AN  INCOHERENT  OPTICAL 
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SUMMARY  :  An  object  phase  color  encoding  technique  which 
uses  a  dual  color  optical  processor  with  encoded  extended  incohe¬ 
rent  sources  is  presented.  This  technique  provides  fine  detail  of  the 
object  phase  variation  between  fringes,  including  both  the  positive 
and  negative  phase  variations.  Experimental  demonstrations  of  this 
color  encoding  technique  arc  given. 


Observation  des  variations  de  phases  codees 
en  couleur 

RfeSUMfe  :  On  presenle  un  processeur  optique  permeltanl  de 
coder  en  couleurs  un  objel  de  phase.  Cette  technique  permet  de 
mettre  en  evidence  les  petits  details  de  I'objet. 


1.  —  INTRODUCTION 

The  study  of  phase  objects  has  generally  depended 
upon  interferometric  techniques  [1,2].  For  slowly 
changing  object  phase  variation  the  measurement 
could  be  very  accurate  by  measured  with  those  inter¬ 
ferometric  techniques  [3].  However,  for  phase  objects 
such  as  living  cells  which  contain  fine  structure, 
interpretation  with  the  interferometric  technique  is 
usually  difficult,  if  not  impossible.  Frequently  in  the 
study  of  phase  objects  of  this  type  it  is  necessary  to 
produce  an  image  irradiance  which  is  related  to  the 
phase  of  the  object. 

The  Schlieren  technique  [4, 5]  and  differential 
shearing  interference  microscopy  [6,  7]  both  produce 
an  image  irradiance  that  is  proportional  to  the  deri¬ 
vative  of  the  object  phase.  Although  the  differential 
techniques  provide  visualization  of  shapes  and  sizes 
of  the  phase  objects,  they  are  not  able  to  detect  the 
detailed  phase  variation  between  fringes.  Neverthe¬ 
less.  the  total  shearing  interference  microscope  is 
capable  of  producing  fringe  patterns  superimposed  on 
a  phase  object,  but  the  application  is  limited  to  eva- 
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luation  of  simple  isolated  phase  structures  and  it 
is  difficult  to  apply  for  the  more  general  case  of  phase 
variation. 

One  technique  available  for  detecting  the  phase 
object  whose  image  irradiance  is  proportional  to  the 
phase  variation  [8.  9]  is  limited  to  very  small  phase 
variation-in  the  order  of  a  fraction  of  a  wavelength. 

The  concept  of  detecting  large  phase  variation  by 
differentiating  and  integrating  to  obtain  an  image 
irradiance  proportional  to  phase  variation  was  pro¬ 
posed  by  DeVelis  and  Reynolds  [10]  and  was  sub¬ 
sequently  carried  out  by  Spraquc  and  Thompson  [11] 
with  a  coherent  optical  processing  technique.  They 
have  been  successful  in  obtaining  an  image  irradiance 
which  is  proportional  to  a  large  object  phase  variation. 
However  the  technique  is  rather  elaborate  and  the 
phase  detection  is  not  a  real-time  operation.  Moreover, 
since  the  system  utilizes  a  coherent  source,  the  annoy¬ 
ing  coherent  artifact  noise  cannot  be  avoided. 
Although  the  multi-beam  interferometric  technique  [2] 
is  able  to  produce  sharper  fringe  patterns,  the  techni¬ 
que  cannot  display  the  phase  variation  between  the 
fringes  with  a  single  monotone  fringe  pattern.  The 
phase  variation  between  the  fringes  is  capable  of 
being  detected  by  simultaneously  changing  the  view¬ 
ing  angle,  reference  beam,  or  wavelength  of  the 
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light  source.  In  a  recent  paper  |12).  Roblin  and  Shcril' 
described  an  electronic  scanning  technique,  based  on 
phase  modulation  interferometry,  for  detecting  phase 
variation  between  the  fringes.  But  this  scanning  tech¬ 
nique  requires  complicated  electronic  circuitry  and 
the  operation  is  rather  cumbersome. 

In  a  recent  paper  we  have  proposed  a  technique  of 
encoding  an  extended  incoherent  source  for  image 
subtraction  (13].  Wc  will  extend  the  same  basic  opti¬ 
cal  processing  concept  to  the  detection  of  object 
phase  variation  with  a  pseudocolor  encoding  techni¬ 
que.  Since  this  technique  utilizes  incoherent  sources, 
high  quality  color-coded  phase  variation  patterns 
can  be  visualized.  We  stress  that  this  incoherent  pro¬ 
cessing  technique  may  alleviate  certain  drawbacks 
of  the  previous  techniques,  and  the  processing  system 
is  rather  simple  and  economical  to  operate. 


II.  —  OBJECT  PHASE  DETECTION 


We  will  now  describe  an  incoherent  optical  process¬ 
ing  technique  for  object  phase  detection,  as  depicted 
in  figure  1.  From  this  figure,  we  see  that  two 
encoded  extended  incoherent  sources,  each  for  a  dif¬ 
ferent  color  of  light  ( i.e ..  red  and  green)  are  used  for 
the  processing.  The  purpose  of  using  a  source  encod¬ 
ing  mask  to  achieve  a  point-pair  spatial  coherence 
requirement  for  the  image  subtraction  operation 
was  discussed  in  our  previous  articles  [13.  14], 

In  pseudocolor  encoding,  we  insert  a  phase  object 
exp[i<p(jc.  y)]  in  one  of  the  open  apertures  in  the 
input  plane  P2  and  two  sinusoidal  gratings.  G, 
and  G2.  in  the  spatial  frequency  plane  P3  which  are 
described  by 

(I)  G,  =  1  +  sin  (/)„/>,  +  0)  . 


and 

(2)  G2  =  1  +  sin  (/i0  pf) 

where  2  hQ  is  the  separation  of  the  O,  and  02. 
pr  =  (2  not)//.,  I  and  p„  -  (2  na)//.„  /  arc  the  spa¬ 
tial  frequencies  of  the  gratings.  /.,  and  /.„  are  the  red 
and  green  color  wavelengths,  a  denotes  the  spatial 
coordinate  in  the  same  direction  of  p.  /  is  the  focal 
length  of  the  achromatic  transform  lens,  and  0  is  a 
phase  factor  that  we  introduced.  We  note  that  0 
will  play  an  important  factor  in  the  color  encoding 
process. 

By  a  straight  forward  but  rather  tedious  computa¬ 
tion.  the  irradiancc  near  the  origin  of  the  output 
image  plane  P3  can  be  written  [13], 

(3)  l(x.y)  =  /,(.v,  y)  +  I/x.  y) 

=  K  {  1  -  cos  [</>,(-*.  y)  +  0]}  + 

+  A:  {  1  -  cos  [<pg(x.  .v)]  }  , 

where  I,  and  /,  denote  the  red  and  green  color  image 
irradiances,  <plx.  y)  is  the  phase  distribution  of  the 
object.  0  is  a  constant  phase  factor  that  we  have 
introduced  (by  shifting  one  of  the  gratings),  and  K  is 
a  proportional  constant.  We  note  that  the  phase 
distributions  <p,(.v,  r)  and  <p„(.Y.  r)  are  slightly  dif¬ 
ferent  because  of  the  dilferent  wavelength  illumina¬ 
tions.  From  Eq  (3).  we  sec  that  a  broad  range  color 
coded  phase  fringe  pattern  can  be  visualized. 

In  color  mixing  analysis,  we  would  use  /,  and  /, 
to  form  a  2-D  orthogonal  coordinate  system. 'as  shown 
in  figure  2.  The  values  of  color  mixing  irradiance  as  a 
function  of  object  phase  variation  </>  for  0  = 
180"  and  6  =  90".  —  90"  are  plotted  in  figures  2ta) 
and  2(b)  respectively.  Since  different  wavelengths 
(i.e.,  red  and  green)  were  used  in  the  color  encoding, 
the  color  mixing  curve  as  a  function  of  <p  would  not 
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Fig.  2.  —  Color  enrolling  mixing  curves,  (a)  (I  =  0",  180".  (b) 
0  -  ±  90". 


generally  be  closed  for  every  2  rr  cycle,  as  shown 
in  the  figures.  In  other  words,  the  phase  detection  is 
more  accurate  within  —  r.  <  ip  ^  xt. 

We  would  now  consider  a  few  cases  of  the  color 
mixing  procedure.  For  example,  if  0  =  0.  the  locus 
of  the  color  mixing  curve  lies  near  the  45"  degree 
angle  of  (/ r.  /,)  coordinates  as  shown  in  figure  2(a). 
There  is  no  significant  color  change  in  this  region  to 
distinguish  the  object  phase  variation.  On  the  other 
hand,  if  0  =  180".  the  locus  of  the  color  mixing  curve 
lies  near  the  -  45"  degree  region  (i.e..  I,  -  1  -  Ju) 
of  the  (/r.  /,)  coordinate  system,  yielding  a  broad 
range  of  color  variation.  However,  in  this  region  it  is 
difficult  to  distinguish  a  positive  from  a  negative 
phase  variation  (i.e..  ±  <p).  if  we  let  0  =  90".  the  locus 
of  the  color  mixing  curve  extends  outward  around  the 
edges  of  the  (lr.  /„)  coordinate  system,  as  shown  in 
figure  2(b).  Thus  it  provides  not  only  a  broad  range 
of  color  coded  phase  variation,  but  it  also  provides 
two  different  sequences  of  color  coded  bands,  so  that 
the  positive  and  negative  phase  variations  can  be 
detected.  In  other  words,  this  color  encoded  techni¬ 
que  is  capable  of  displaying  finer  detail  of  phase 
variations,  including  both  the  positive  and  negative 
phases. 


III.  —  EXPERIMENTAL  RESULT 

In  our  experiments,  a  mercury  arc  lamp  with  a 
green  filter  (5  461  A)  and  a  Zirconium  arc  lamp  with 
a  red  filter  (6  328  A)  were  used  for  the  color  light 
sources.  Ihe  intensity  ratio  ol  these  two  color  lights 
was  adjusted  to  unity  with  a  variable  beam  splitter. 

/ igurc  3(a)  shows  a  monotone  hinge  pattern  of  a 
phase  object  obtained  with  this  incoherent  processing 
technique.  From  this  figure  we  see  that  detailed  phase 
variation  between  the  fringes  cannot  be  perceived. 
Figure  3(h)  was  obtained  with  the  multi-color  tech¬ 
nique  as  described  eariler.  The  phase  factor  0  between 
the  diffraction  gratings  G,  and  C2  was  set  to  approxi¬ 
mately  90".  f  rom  (his  liguic.  we  see  that  a  multicolor 
phase  fringe  pattern  is  formed  so  that  considerably 
more  detail  of  the  phase  variation  between  the  fringes 
can  be  observed.  For  example,  between  the  two 
yellow  color  bands,  there  is  a  color  variation  from 
ycllow-to-red-dim  ycllow-green-and  back  to  yellow 
again.  The  phase  angle  between  these  two  color  bands 
is  .360".  If  we  refer  to  the  color  mixing  curve  of 
figure  2(h).  then  the  phase  variations  corresponding 
to  the  color  bands  shown  in  figure  3(h)  arc 
0"  180"  -►  225"  -*  .315"  -*■  .360".  Therefore  we  see 

that  there  is  a  positive  increasing  phase  variation  from 
the  upper  yellow  hand  to  the  lower  hand. 

Figure  4(a)  shows  another  monotone  phase  fringe 
pattern  of  a  phase  object  obtained  with  this  technique, 
in  which  detail  of  the  phase  variation  between  the 
fringes  cannot  be  determined.  For  example,  if  we 
take  the  cross  section  along  the  line  A-A  of  the  phase 
object  between  the  two  arrows,  as  shown  in  the  figure, 
then  there  arc  four  possible  phase  variations  that  may 
be  interpreted,  as  shown  in  figure  5.  With  a  monotone 
fringe  pattern  it  may  not  be  possible  to  retrieve  the 
actual  object  phase  variation.  However,  with  the 
multicolor  phase  fringe  pattern  of  figure  4(h).  we  are 
able  to  identify  the  detailed  phase  variation  between 
the  fringes.  To  illustrate,  if  we  take  the  same  cross 
section  A-A.  then  a  sequence  ol  color  bands  from  left 
to  right,  i.e..  green-dim  yellow-red-yellow-red.  can 
be  observed.  Referring  jo  the  color  mixing  curve  of 
figure  Kb),  this  sequence  of  color  bands 
represents  a  sequence  of  phase  angles  of 
315"  -•  250"  -*  18(1"  —  90"  _  ISO'  Thus  this  region 
represents  a  phase  depression  object,  which  corres¬ 
ponds  to  the  case  of  figure  5(a). 


IV.  —  CONCLl’SIOS 

in  concluding  this  paper,  we  would  note  that,  object 
phase  variation  can  be  visually  studied  by  a  color 
coded  incoherent  processing  technique  which  uti¬ 
lizes  a  modified  complex  image  subtraction  scheme. 
The  object  phase  distribution  within  the  range 
—  ~  $  <p  ^  rr  can  be  detected  with  less  ambiguity 
using  this  multi-color  coding  scheme  than  by  using 
a  monochromatic  scheme  This  technique  offers  the 
capability  of  detecting  finer  detail  of  the  object 
phase  as  compared  with  the  other  interferometric 
techniques.  Since  inexpensive  incoherent  sources  are 
used,  the  multicolor  technique  may  oiler  a  wider 
range  of  applications  In  the  case  of  microscopic  phase 
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Fig.  3.  —  A  color-coded  object  phase  variation,  (a)  Monotone 
phase  'Jrmge  pattern,  (b)  Color-coded  fringe  pattern. 
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Fig.  A.  —  A  color-coded  phase  object,  (a)  Monotone  Jrmge  pattern 
(b)  Color-coded  fringe  pattern 


object  observation,  the  system  can  be  designed  to  fit 
within  a  microscope  system.  In  addition,  the  techni¬ 
que  may  not  be  restricted  only  to  phase  object  visua- 
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Fig.  5.  —  Four  possible  object  phase  variations  for  figure  4<a). 


lization  —  it  may  be  used  in  other  fields  as  well  : 
study  of  birefringence  and  interference  figures  in 
polarizing  microscopy  and  crystallography  ;  distinc¬ 
tion  between  compressed  and  stretched  photoelastic 
areas:  analysis  of  the  aerodynamic  pressure  varia¬ 
tions  examined  inside  a  wind  tunnel  by  the  stereoscopic 
technique;  analysis  of  wavefronts  to  lest  the  aber¬ 
rations  of  optical  system :  and  others. 
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I  Coherence  requirements  for  partially  coherent  optical 
processing 
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The  mutual  intensitv  function  for  a  partially  coherent  lipht  is  used  to  develop  an  expression  for  the  output 
intensity  distrihulion  for  a  broadband  optica)  information  processor.  The  coherence  requirement  lor 
smeared  image  demurring  and  image  subtraction  is  then  determined  using  the  intensity  distribution.  We 
also  quantitatively  show  the  dependence  of  coherence  criteria  on  the  spectral  bandwidth,  the  source  size, 
debiurring  width,  spatial  frequency,  and  the  separation  of  input  object  transparencies. 


A 


I.  Introduction 

Optical  systems  perform  myriad  sophisticated  in¬ 
formation  processing  operations  using  coherent  light.1'3 
However,  coherent  systems  are  susceptible  to  coherent 
ar  >  i.'c  :  r  ~'se,  which  frequently  limits  their  processing 
capability.  The  use  of  incoherent  light  alleviates  the 
noise  problem.4'7  usually  at  the  cost  of  a  lowered  sig- 
nal-to-noise  ratio  due  to  dc  bias.  Various  workers  have 
studied  optical  systems  which  employ  (a)  a  totally  in¬ 
coherent  source8-9  or  (b)  a  broadband  source  with  re¬ 
duced  coherence.10  The  question  to  be  addressed  in  the 
paper  is.  to  what  degree  can  we  relax  the  coherence  re¬ 
quirement  without  sacrificing  the  overall  results  of  the 
processing  system?  We  use  Wolf  s11  theory-  of  partially 
coherent  light  to  develop  the  necessary  coherence  cri¬ 
teria  for  an  optical  processor.  The  results  are  used  to 
discuss  the  temporal  and  spatial  coherence  require¬ 
ments  for  the  specific  problems  of  image  deblurring  and 
image  subtraction. 

The  nature  of  optical  processing  operations  governs 
the  spatial  and  temporal  coherence  requirements  nec¬ 
essary  to  obtain  satisfactory  results.  As  system  con¬ 
figuration  varies  from  one  application  to  the  other  it  is 
desirable  to  develop  a  generalized  function  for  the  sys¬ 
tem  output  intensity  expressed  as  a  function  of  the 
spectral  and  spatial  bandwidths. 

Consider  the  partially  coherent  optical  processing 
system17'14  in  Fig.  1.  Let  the  source  plane  P c,  be  that 
of  an  incoherent  spatially  extended  light  source  ti.e.. 
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white-light  source)  with  an  intensity  distribution 
■yUo.vo)-  The  input  plane  P\  contains  the  signal 
transparency  and  also  a  coding  mask  (e.g.,  a  sinusoidal 
grating)  if  needed.12'14  Let  the  complex  amplitude 
transmittance  at  this  plane  be  tiu. v).  Its  spectrum  may 
then  be  processed  in  complex  amplitude  by  placing  a 
complex  spatial  filter  f(x,y)  in  the  Fourier  plane.  The 
theory  of  partially  coherent  light  can  be  used  now  to 
write  the  output  intensity  distribution.11-16 

J»ao+Aa/S  r*  r>  • 

(  I  *y ( Jo.> o'-S ( A »C( A> 
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where  SIX'  and  C(Xt  are  defined  to  be  the  relative 
spectral  intensity  of  the  light  source  and  the  relative 
spectral  response  sensitivity  of  the  detector,  respec¬ 
tively.  7~ t jc ,v: X  j  is  the  Fourier  spectrum  of  the  input 
transparency  for  wavelength  X  of  the  light  source.  Tne 
integration  is  performed  over  the  spectra!  bandwidth 
AX  of  the  light  source.  X(,  being  its  center  wavelength. 

In  the  following  sections  we  shall  use  the  output  in¬ 
tensity  distribution  given  by  Ec.  (li  to  evaluate  the 
coherence  requirement  for  image  debiurring  and  image 
subtraction  of  a  partially  coherent  optical  information 
processor. 


II.  Coherence  Requirement  for  Image  Debiurring 

A  photographic  image  debiurring  technique 
employing  a  white-light  source  has  been  described  in 
previous  papers.  13-:;‘'  We  i.ac  briefly  stated  that  the 
coherence  requirements  depend  on  the  smeared  length 
of  tne  object  and  the  size  and  spectral  bandwidth  of  tne 
light  source.’-"  We  shall  now  discuss  the  temporal  anc 
spatial  coherence  requirements  for  image  debiurring 
separately. 
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A.  Temporal  Coherence  Requirement 

We  consider  a  spectrally  broadband  point  source  for 
which  the  intensity  distribution  can  be  expressed  by  a 
Dirac  6  function,  i.e.,  7<*o»>'o)  =  X(x(„>o).  The  spectral 
distribution  is  uniform  over  the  bandwidth  |s(X)  =  k , 
a  constant].  If  the  smeared  length  W  is  known  a  prion, 
the  output  deblurred  image  irradiance  can  be  derived 
from  Eq.  (1)  as 


i,  /<«•>•> 


C  |/t(u',r':A)|2cfA, 
Ja, 


where  X/  and  X/,  are  the  extreme  lower  and  upper 
wavelengths  of  the  light  source; 

4<u'.i';A)  «  f  Tlxy.X)Hxjn)  exp  -j  —izu’+  vr'l  dxd\  (31 

—m  A  / 

is  the  output  complex  light  distribution  of  the  dehlurred 
image  due  to  wavelength  X;  T(x,y,\ )  is  the  Fourier 
spectrum  of  the  input  blurred  transparency  Uu.v)  due 
to  X;  and  f(x,y)  is  the  deblurring  filter. 

We  note  that,  if  the  input  blurred  image  is  superim¬ 
posed  with  a  sinusoidal  phase  grating,  the  blurred  image 
spectrum  will  disperse  into  rainbow  colors  in  the  Fourier 
plane  thus  allowing  a  stripwise  design  of  deblurring 
filter  for  each  narrow  spatial  band  in  the  Fourier  plane. 
It  is  evident  that  the  temporal  coherence  requirement 
is  limited  by  the  narrow  spectrai  band  (i.e.,  narrow  strip) 
of  the  deblurring  filter.  If  the  input  object  is  a  linear 
smeared  image,  a  fan-shaped  deblurring  filter  can  be 
used  to  compensate  the  wavelength  variation.1315 
Since  each  of  the  narrow  strip  deblurring  filters  is  spa¬ 
tial  frequency-limited  over  a  narrow  spectral  band,  the 
coherence  requirement  for  each  narrow  strip  filter  can 
be  equivalently  analyzed  as  the  case  without  the  input 
phase  grating  (i.e.,  the  coding  mask). 

Since  the  image  deblurring  takes  place  at  every  image 
point  the  linear  blurred  image  transparency  may  be 
represented  as 
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Fig  1.  Partially  coherent  optical  processing  system:  source 

plane;  l‘\.  input  plane;  /'*.  Fourier  plane;  P.,.  output  plane;  L.  achro¬ 
matic  lenses. 

tiu.i  l  =  rectlo/W).  141 

P(x,v:Al  =  .7|ftu.t  )]  =  sine  |— xj  ■  (51 

where  /  is  the  focal  length  of  the  achromatic  transform 
lenses,  and 


rectUf/VV  i  1 


1  M  «  H72. 

0  otherwise. 


The  deblurring  filter  is  thus 
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/W 

sine  — x 

IX« / 


where  X(1  is  the  center  wavelength  of  the  light  source, 
and  for  simplicity  we  have  adopted  a  1-D  notation.  The 
corresponding  deblurred  image  is  given  by 


i4(u';Xl  *  J”  TlxtAl/ixtAo)  exp  —j — -xu’dx 
•J -•  IX II 


=  rect(tiVH')  • 


f — 
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s,nctar 


exp  — ■ -  xu '  da ,  (8» 


where  *  denotes  the  convolution  operation.  By  a 
straightforward  but  tedious  calculation,  illustrated  in 
the  Appendix,  the  deblurred  image  of  Eq.  (8)  can  be 
shown  to  be 


.4ui';Xi  = 
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where  the  series  converges  for  2 m  »  1.  In  the  final 
result  it  can  be  shown  that  the  output  image  irradiance 
is  given  by 
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For  these  equations,  note  that 


Xfl  *  Xq/lXo  —  AX). 


Xf,  «  Xo/(X(i  +  AX). 


Sitx)  * 


J>*  sin.v 

D  V 


a^Viu'l  *  rin  -  n'Kl  -  2ti'/H’), 


o^Xu')  “  Tin  -  n'Kl  +  2u7W'), 


a^'  iu't  *  r(n  +  n'Kl  -  2u7W). 


aL’„'(t/')  •  Tin  +  n'Kl  +  2u7lV), 


o'„s„'(u’)  “  »|n(l  -  2u7W)  -  n'll  +  2u7W’)), 


c‘„V'(u'l  *  ir[n(l  +  2u'/W)  —  n'll  -  2u7H')). 
o'„f„’  (u')  *  7r[n(]  -  2u'/W)  +  n'll  +  2u7W’)), 
c'n8„’  (o')  *  r|n(l  +  2u‘/W)  +  n'll  -  2u’/W )]. 


Equations  (10M16)  provide  the  mathematical  basis 
for  the  evaluation  of  the  temporal  coherence  require¬ 
ment  of  a  smeared  image  deblurring  process.  Plots  of 
the  normalized  deblurred  image  irradiance,  defined  as 
a  function  of  u '  and  the  bandwidth  AX,  are  shown  in  Fig. 
2.  X0  =  5461  A  was  used  for  the  calculation.  It  is  evi¬ 
dent  that  if  the  light  source  is  strictly  coherent  (i.e.,  AX 
=  0),  the  deblurred  point  image  is  infinitesimal.  Also 
note  that  the  degree  of  deblurring  decreases  as  the 
temporal  coherence  of  the  light  source  reduces.  The 
deblurred  length  A  W  represents  the  spread  of  the  de¬ 
blurred  image  irradiance.  It  is  formally  defined  as  the 
separation  between  the  10%  points  of  I(u').  The  de¬ 
blurred  length  AM’  can  be  shown  to  decrease  mono- 
tomcallv  with  AX.  Plots  of  AM’  as  a  function  of  the 
spectral  bandwidth  AX  for  various  values  of  smeared 
length  M’  are  shown  in  Fig.  3.  It  may  be  shown  that  the 
deblurred  length  AM’  is  linearly  proportional  to  the 
smear  length  M’  for  a  given  value  of  AX.  The  greater 
the  smear,  the  more  difficult  the  deblurring  process.  In 
principle  this  may  be  corrected  by  decreasing  the 
spectral  bandwidth  of  the  light  source.  Table  I  nu¬ 
merically  summarizes  the  preceding  analysis.  The 
value  of  AX  can  be  regarded  as  the  temporal  coherence 
requirement  for  the  riebiurring  process. 


E.  Spatial  Coherence  Requirement 

Tne  relationship  between  the  source  size  and  the 
image  intensity  distribution  is  the  key  factor  in  the 
calculation  of  the  degree  of  spatial  coherence  require¬ 
ment  for  a  particular  image  deblurring  system.  The 
following  analysis  assumes  a  1-D  processor  for  sim¬ 
plicity. 

Assume  the  intensity  distribution  of  the  light  source 
is  civen  bv 
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Fig.  2.  Output  intensity  distribution  of  the  deblurred  image.  AX. 
spectral  bandwidth  o(  the  light  source;  W.  smeared  length. 
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Fig.  3.  Plots  of  the  deblurring  width  A  W'  as  a  function  of  the  spectral 
bandwidth  of  the  light  source  AX  for  various  values  of  smeared  light 

IV. 


Table  I.  Eftect  ot  Temporal  Coherence  Requirement 


AH7W  1  '20  1/15  1/10  1/6  1/5 

AX(Ai  270  400  640  7  50  990 
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I:  an  extended  monochromatic  lirh:  source  is  used,  the  2nd  -  denotes  the  convolution  operation. 
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a  +  n 

where  a  =  xp W/(\f).  — - 

By  substituting  Eq.  (20)  into  Eq.  (2)  and  performing  and 
the  required  mathematical  evaluation,  the  deblurred 
image  irradiance  is  found  to  be  (a)  for  \u'\  >  W/2:  "*lm‘  sl“ 


Jm<u'.As)  -  — 7-! - 1  1  l^1'.  (As)  cos|2ir(n  -  n')u7W'] 

W  ir2  „  „• 

+  ♦  jfi-  (As)  cos|2ir(n  +  n')u7W')|. 


5J  (m.As )  *  Sj|ir(2u7M’  ±  1  )[ot  As)  +  m]i 

-  Silrr(2u7U'  i  1  )|— a(As)  +  m)|. 

Ci (m.As)  =  C,  1 7r 1 2tr  7 W  ±  1 1  |a(As  I  +  m  |  ] 

-  C,|jr|2u7W  ±  1 1 1  -a  (As  I  +  m  | 


X1  .  .,  .  •  ...  .  .,  c  ,,  .  Thus  the  spatial  coherence  requirement  of  an  image 

Note  that,  in  this  equation,  the  following  parameters  .  •  ,  ,  .  ,,  ~  in\ . 

^  ^  ^  ^  deblurring  process  mav  be  evaluated  bv  using  Eqs.  (21 


’ . *  and  (26).  The  output  intensity  distribution  of  this 

Sjim. As)  «  S,  |2rja(As)  -  m)]|  -  S,!2ir[-o(As)  -  m)|.  (22)  process  is  plotted  in  Fig.  4. 

In  addition  define  Recall  the  definition  of  the  deblurred  length  AM’ 

stated  to  be  the  separation  between  the  10Ft  points  of 
C,(m,As)  ■  C,[2r|5(As)  +  m|]  —  C,(2r|S(A.<)  —  m|],  (23)  the  image  irradiance  l(u ').  Figure  5  shows  the  plots  of 

re  AM’  as  a  function  of  the  source  size  As  and  the  smear 

length  M\  From  this  Figure  it  can  be  seen  that  when  the 
siui-  rzsits.  spatial  width  of  the  light  source  increases  beyond  a 

Jp  S  critical  size  A sc,  the  deblurred  length  becomes  inde- 
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Fig.  4.  Output  intensity  distribution  of  the  deblurred  image  for 
various  values  of  the  source  size  As. 
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pendent  of  As  and  equal  to  H\  Table  II  provides  a  brief 
numerical  summary  of  the  key  parameters  for  the  de¬ 
termination  of  the  spatial  coherence  in  image  deblurr¬ 
ing.  From  this  table  it  is  evident  that  the  spatial  co¬ 
herence  requirement  is  inversely  proportional  to  the 
smear  length  W.  That  is.  the  longer  the  smearing 
length,  the  smallf  r  the  source  size  is  required. 


III.  -  Coherence  Requirement  for  Image  Subtraction 

Wu  and  Yu18  have  reported  an  image  subtraction 
procedure  employing  an  extended  incoherent  source 
and  a  source  encoded  mask.  Here,  we  shall  discuss  the 
temporal  and  spatial  coherence  requirements  of  the 
image  subtraction  process  and  show  that  they  depend 
on  the  size  and  spectral  bandwidth  of  the  light 
source. 

The  output  intensity  distribution  can  be  derived  by 
calculating  the  propagation  of  the  mutual  coherence 
function  through  an  optical  system  that  utilizes  an  en¬ 
coded  extended  source.  With  reference  to  Fig.  6  the 
encoded  source  intensity  distribution  may  be  described 
bv 


7Uo,>oi 


rectUo/d)  •  E  bixc-nD), 

—  A’ 


(29) 


where  *  denotes  the  convolution  operation,  D  is  the 
spacing  of  the  2N  +  1  encoding  slits,  and  d  is  the  width 
of  each  slit.  Image  subtraction  is  essentially  a  1-D 
processing  operation  and  will  be  analyzed  as  such. 

The  encoded  mutual  coherence  function  at  the  input 
plane  P  i  can  be  written 
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or.  in  regard  to  Eq.  (29), 
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As  shown  in  Fig.  6  two  object  transparencies.  A  (u )  and 
Btu  i.  are  placed  at  the  input  plane  P-t.  These  can  be 
represented  by 


MU'  =  .411;  -  Hi  -  Bui  ~  H !, 


(32 1 


where  the  separation  between  transparencies  is  2 H. 
The  mutual  coherence  function  in  the  P;  plane  is  simply 
the  Fourier  transform  of  Jo  iu;  —  uy\\  convolved  with 
the  spectrum  of  the  amplitude  transmittance  function 
Mu).  The  image  subtraction  process  requires  that  a 
sinusoidal  grating  of  spatial  frequency  u.-c,  be  placed  in 
the  Fourier  piane.  Thus  the  mutual  coherence  function 
behind  this  grating  is  given  by 


J i  j  i  *  ,.Ju  \  -  u-:A lMbiir*ui2>li!  -  C  s;r.2r»rj:i  i 

x  -  C  sir.2r^r urji.  (33' 


A  final  F ourier  transform  operation  due  to  wavelength 
X  will  give  the  intensitv  distribution  at  the  output  piane 
Py 
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Fig.  5.  Plots  of  the  deblurring  width  as  a  function  of  the  source  size 
for  various  values  of  the  smear  length  VV. 


»"  / 


/  » 

/V 


F is  t.  p£:;isl:y  cor.erer,:  op;ic&:  process;:*, r  :cr  irr.are  s-r- 

:rac::or.  5:.  i:rn:  source,  r  er.cocec  exier.cec  source  r.ar.t 


tc  :v  N*  - 


3 


46 


NC* 

Iiu':X)  «  A'||MU/'  -  H) |2  +  | Bui’  4  H) |2]  4 - 12  sin(2du>o) 

4 


x  Re|A(4'  —  H  +  \fuii))Biu'  +  H  —  A/ujo*)  —  | A(u‘  —  H  4  A/u)ol|2 
-  |fl(u'  +  H  —  A/u>o)|2  -  |j4(u'  —  H  —  A/wo)!“  —  |fl(u'  4  H  +  A/u.',,) 1 2j. 


where  Re  denotes  the  real  part  of  |  |.  From  the  above 
equation  we  see  that  there  are  six  diffracted  image  terms 
at  the  output  plane.  If  we  only  consider  the  diffracted 
images  around  the  optical  axis  of  the  output  plane,  from 
Eq.  (35)  we  have 


/,0,(u';Aj  *  )Aiu'  —  H  +  A/ui(,)|2  -  2  Rinc(2£fu)<>) 

X  Re|j4(u'  —  H  4  4  H  -  A/u.o)| 

+  \Biu’  +  H-  A/u>„)|2. 


where  wp  =  H/Xf. 

If  the  slit  size  d  equals  zero,  the  analysis  reduces  to 
the  case  of  strictly  spatial  coherence  with  the  intensity 
distribution  given  bv 


/l0,(u';X)|rf»(.  =  M(u')  -  flu/'))2.  (37) 

Equations  (36)  and  (37)  show  that  a  high-contrast 
subtracted  image  requires  a  strictly  spatial  coherent 
system,  and  that  the  image  quality  will  decrease  as  the 
slit  width  d  increases. 

To  analyze  the  case  of  partial  coherence  assume  the 
light  source  has  a  uniform  spectral  bandwidth  and  that 
the  spectral  response  of  the  detector  is  also  uniform  [i.e., 
s( X)  =  k:  C(X)  =  k}.  Then  the  image  intensity  distri¬ 
bution  at  the  output  plane  may  be  given  by 


s*  AA/2 

r°Hu‘)  «=  (  l|/4(iT 


■  2  sinc(2du)ol 


X  Re[/4 (t/ '  —  A'/u.'o) 

x  Bin'  -  A'/wo)]  •+■  |B(u'  -  A'/uJo)!3ldA'.  (38' 

where  X'  =  X  —  X0.  Xp  is  the  center  frequency,  and  AX  is 
the  spectral  bandwidth  of  the  source:  u;p  is  the  spatial 
frequency  of  the  grating.  Equation  (38)  may  be  sim¬ 
plified  by  using  a  Taylor  series  expansion  for  the  input 
obiect  functions.  Thus  for 


Am.  '  -  A'/u-c’  =  A<u ')  -  31  — ;  /t"n,U.,')(A'/uo''r'. 

m  ■  1  fn . 
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=  dmA(u'  )/du'm , 


£‘m,W/>  =  dmH{u')/du‘n 


we  find  that 


=  ||<4(t/)|2  -  2  smc(2du  o)A(u')fhu')  4  jfllu  ')|2).AA 


+  L  - - - (fu0)m\A'ml{u'i 

"■"*»  2 "’■'im  4  ] )! 


-  sinc(2dui0)fl'mllu')] 

X  |4lu'»  4  Bu/)](AAP+1 


2,m*'m  ll(m  f  m  4  ]  l/Til/Ti'! 


—  (-l)m  sinc(2au,'oMlm’u/')B'"’1  Mt/’l 
4  (-J  )"’*'"  fl''"'u/')B,’"  i(u'))(AAr-m  +1.  (411 

This  equation  shows  that  a  high-contrast  subtracted 
image  can  be  obtained  with  obiect  transparencies  of 
moderately  low  spatial  frequency  content.  In  addition 
this  equation  may  be  used  to  compute  the  spectral  re¬ 
quirement  of  the  light  source. 

An  example  analysis  will  be  presented  to  develop  the 
modulation  transfer  function  (MTF)  equations.  These 
will  be  used  to  determine  the  temporal  and  spatial  co¬ 
herence  requirements  of  the  image  subtraction  process. 
Assume  that  the  input  obiect  transparencies  are  given 
bv 


/4(u  1  =  1.  fliu  )  =  Xj  |1  -  Co  cos(2tu;i/  )). 


where  Co  is  the  contrast  of  the  sinusoidal  grating. 

In  the  case  of  strictly  coherence  (i.e..  A X  =  c  =  Oi  the 
subtracted  image  produces  a  contrast  reversed  image 
with  intensnv  distribution 


ipiu'l  =  [.4 u.  ’ (  -  Bui')]*. 


,  1  Cr  Cr  „  Cr 

/pit.  ’  ’  - - - - 7-  COS!  2744  I - —  COSl  ”1.4  14  '. 


For  a  partially  coherent  case  due  to  Eq.  (68).  the  in¬ 
tensity  of  the  subtracted  image  can  be  shown  to  be 


[j  f ;  ; 

|-  — —  -  $inc'2c'4o>!AX  -  Co! : :  “  sinci2c4.pl] 


x  sinc(/44.-cAAiA.\  cos(2-u 


— —  ssnci 2'44,-A A A  cosir' i_  > 


Note  the  addition  of  a  second  harmonic  term 
jcosirA^ia'j  to  the  basic  frequency.  Tne  MTF  is 
defined  as  the  ratio  of  the  contrasts  of  tne  ir.nut  and 
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(46) 

(47) 


As  previously  stated  Eqs.  (461  and  (47)  will  allow  the 
evaluation  of  the  temporal  and  spatial  coherent  re¬ 
quirements  for  image  subtraction. 


A.  Temporal  Coherence  Requirement 

The  case  of  strictly  spatial  coherence  will  be  discussed 
first.  This  requires  that  the  slit  width  d  approach  zero. 
Equations  (46)  and  (47)  will  then  become 

MTFtu.')  =  sinel/uiuioAX).  (48) 

MTF(2w)  ■=  sinc(2/oja’oAX).  (49) 

The  normalized  MTF  curves  of  the  basic  and  harmonic 
frequencies  are  shown  in  Fig.  7.  It  is  obvious  that  the 
contrast  of  the  subtracted  image  decreases  monotoni- 
cally  as  a  function  of  the  object  spatial  frequency. 
However,  the  MTF  of  the  subtracted  image  decreases 
as  the  spectral  bandwidth  of  the  light  source  increases. 
In  other  words  the  quality  of  the  subtracted  image  im¬ 
proves  as  the  spectral  bandwidth  of  light  source  and  the 
spatial  frequency  of  the  object  decrease. 

Let  uif  be  the  cutoff  spatial  frequency  where  the  MTF 
decreases  to  a  minimum  value  Cm  as  shown  in  Fig.  7. 
The  value  Cm  depends  on  the  maximum  resolution  of 
the  output  recording  material.  Figure  8  shows  the 
functional  relationship  of  the  cutoff  frequency  u.c  and 
the  spectral  width  AA  for  various  values  of  Cm.  It  is 
possible  to  determine  the  spectral  bandwidth  require¬ 
ment  AA  from  this  figure.  The  relationship  between 
the  cutoff  frequency  uc.  the  spectral  width  AA.  and  the 
separation  between  two  input  transparencies  H  is  shown 
in  Fig.  9.  Note  that  the  spectral  bandwidth  required 
for  a  given  cutoff  frequency  decreases  with  increasing 
separation  H.  Table  III  illustrates  the  dependence  of 
AA  on  u.'c  and  H.  The  focal  length  of  the  Fourier 
transform  lens  selected  is  {  =  300  mm  for  calculation. 
It  is  clear  from  the  tabie  that,  as  the  spatial  frequency 
and  object  separation  increase,  the  spectral  bandwidth 
of  the  light  source  must  decrease. 

E.  Spatial  Conerence  Requirement 

Consider  the  case  of  perfect  temporal  coherence  (i.e.. 
AA  =  0i  and  partially  spatial  coherence,  where  Eqs.  i46i 
anc  (47)  are  of  the  form 


47 


O  SC  IOO  160  toe  zsc 

Spectral  Bonowidtc  AMs) 


Fig.  8.  Relationship  between  the  cutoff  frequence  w,,and  the  spec  ■ 
tral  bandwidth  of  the  light  source  AX  lor  different  minimum  desirable 
contrasts  C„, 
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Fig.  9.  Relationship  between  the  cutoff  frequency  and  the  spectra! 
bandwidth  of  the  light  source  AX  for  various  values  of  separation  H. 
2 H  is  the  main  separation  between  the  input  object  transparencies. 
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Note  that  the  MTFs  are  independent  of  the  object's 
spatial  bandwidth.  The  above  equations  are.  however, 
aependent  on  the  silt  width  c.  This  requires  that  the 
grating  be  precisely  Designed  to  match  the  separation 
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Tr.e  niots  o:  the  M . vs  the  s 


eparattor.  ~  ;cr  ncs. 


oi~  \\  >,«ser?*oni:  veejency 


res':  ,rec 


WWWWTWWWW  OTiflU  1W 


nw 


vruvunvu^ivuw 


E 

1 

I 

f 

8 


<\ 


i 


,v 

V 


$ 


Tl 


and  (51)  are  shown  in  Fig.  10.  It  is  obvious  that  to  ob¬ 
tain  a  high -contrast  subtraction  image  the  separation 
H  must  be  reduced.  However,  decreasing  the  separa¬ 
tion  between  the  object  transparencies  limits  the  size 
of  input  objects  to  b<  processed.  The  relationship  be¬ 
tween  the  MTF,  the  object  transparency  separation  H, 
and  the  slit  width  d  is  numerically  presented  in  Table 
IV,  where  the  focal  length  of  the  Fourier  transform  lens 
was  assumed  to  be  300  mm. 

Note  that  this  table  indicates  the  necessity  of  a  very 
narrow  source  size  to  achieve  an  adequate  MTF. 
However,  to  obtain  a  high-intensitv  narrow  source  size 
is  difficult  to  achieve  in  practice.  The  problem  can  be 
solved  considerably  if  source  encoding  techniques  for 
image  subtracting  are  used.1718 

A  multislit  source  encoding  mask  is  used  for  this  il¬ 
lustration.  The  spatial  period  of  the  encoding  mask 
should  be  precisely  equal  to  that  of  the  diffraction 
grating  G  (i.e.,  D  =  1/wo).  The  spatial  coherence  re¬ 
quirement,  although  independent  of  the  slit  size,  is 
governed  by  the  ratio  of  the  slit  width  to  the  spatial 
period  of  the  encoding  mask,  i.e.,  d/D.  The  ratio  d/D 
must  be  relatively  small  to  achieve  a  high  degree  of 
spatial  coherence.  The  dependence  of  the  MTF  on  d/D 
is  shown  in  Fig.  11.  It  is  obvious  that  the  subtraction 
effect  ceases  when  the  MTF  approaches  zero,  i.e.,  d/D 
=  0.3.  A  few  numerical  examples  are  presented  in 
Table  V. 

IV.  Summary 

We  have  shown  that  the  temporal  and  spatial  co¬ 
herence  requirements  for  some  partially  coherent  op¬ 
tical  processing  operations,  namely,  image  deblurring 
and  image  subtraction,  can  be  determined  in  terms  of 
the  output  intensity  distribution.  F or  image  deblurring 
the  temporal  coherence  requirement  depends  on  the 
ratio  of  the  deblurring  width  to  the  smeared  length  of 
the  blurred  image.  To  obtain  a  higher  degree  of  de- 
blurring  a  narrower  spectral  width  of  the  light  source 
is  required.  For  example,  if  the  deblurring  ratio  iw/'w 
is  0.1.  the  spectral  width.  AX.  should  be  <640  A. 

For  the  spatial  coherence  requirement  the  image 
deblurring  depends  on  both  the  deblurring  ratio  Aw/w 
and  the  smeared  length  w.  If  the  deblurring  ratio  Aw/'w 
=  1/10  and  w  =  1  mm.  a  slit  source  <0.26  mm  should  be 
used.  For  a  smeared  image  deblurring  operation  the 
constraints  of  the  temporal  and  spatial  coherence  re¬ 
quirements  are  not  critical,  which  can  be  achieved  in 
practice. 

For  image  subtraction,  the  temporal  coherence  re¬ 
quirement  is  determined  by  the  highest  spatial  fre¬ 
quency  and  the  separation  of  the  input  object  trans¬ 
parencies.  If  the  separation  and  spatial  frequency  of 
the  input  transparencies  are  high,  a  narrower  spatial 
bandwidth  of  the  light  source  is  required. 

For  spatial  coherence  requirement,  the  modulation 
transfer  function,  which  determines  the  contrast  of  the 
subtracted  image,  depends  on  the  ratio  of  the  slit  width 
to  the  spatial  period  of  the  encoding  mask,  i.e..  d/D.  If 
the  ratio  d/D  is  low.  a  higher  contras;  subtracted  image 
can  be  obtained.  For  example,  with  c  D  =  0.05.  a  rel- 
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Table  IV.  Source  Size  tor  Image  Subtraction  Under  Different  MTS  and 
Separation  H 


dimrnT" 

MTF~~ 

5.0 

7.5 

10.0 

0.1 

0.0076 

0.005 

0.003& 

0.3 

0.0052 

0.0035 

0.0026 

0.6 

0.0031 

0.0021 

0.0015 

Fig.  11.  Relationship  between  MTF  (u>),  MTF  (2a.-).  and  the  ratio 
of  the  slit  width  to  spatial  period  d/D. 


Tabla  V.  Spatial  Coherence  Requirement  tor  Various  <VD  I 


d/D 

0.05 

0.10 

0.20 

0.30 

MTF 

0.85 

0.57 

0.16 

0.006 

atively  higher  MTF  =  0.85  can  be  obtained.  Compared 
with  the  image  deblurring  operations,  the  coherence 
requirements  are  more  stringent  for  the  subtraction 
process. 

Finally,  the  solution  to  the  coherence  requirement  for 
partially  coherent  processing  is  not  restricted  to  the 
application  of  the  deblurring  and  subtraction  operation, 
but  may  also  be  applied  to  any  other  optical  processing 
operation. 

We  wish  to  acknowledge  the  support  by  the  U.S.  Air 
Force  Office  of  Scientific  Research  grant  AFOSR-81- 
0145. 


Appendix 

To  prove  the  following  relationship: 
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we  let  x/\f  =  /.  and  X/Xr.W  =  !. 

The  problem  then  reduces  to  finding  the  solution 
for 


I  imu) 
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sinur  Ifx) 


exp(j2Tfxu‘>dfx. 


Since  there  are  an  infinite  number  of  poles  in  the  real 
domain,  i.e., 


fx  -  nil,  n  -  1.2. 


Equation  (Al)  will  be  evaluated  for  the  cases  of  u'  >  0 
and  u'  <  0.  The  contour  integration,  which  is  taken 
over  the  upper  half  of  the  complex  plane  (see  Fig.  12), 
is  given  by 

I  f"-r  r+  fl  -  r'X~  exp(-j2rfxu‘)dfx  -  0. 

1 J  J«|  sin(7r//i) 


where  x  is  the  radius  of  the  small  half-circles  around  the 
poles,  and  R  is  the  radius  of  the  larger  contour  half¬ 
circle.  Denote 

2  -  R  expo#).  dz  =  jtiR  exp(j0)d6.  (A5) 

The  last  term  of  Eq.  (A4)  may  then  be  written 

J*  zfx  r  T2 

- — exp{j2-rfxu')dfx -  I  - —  expi/2irzu")dz 

«  sim vlfx)  J  smiirlri 

r  -2 ttR2  expQ2-Ru'  cosfl)  expi-2 ttR  sin 6u')f>  expf2>P) 


>k  exp[)rr//?icos3  +  j  sinfr)]  -  expj-;r//?(cosfr  +  j  sinS)] 


so  that 


lim  r  - - - exp(j2Ttjxu')djx  «  0.  (AT) 

h-m  Jp.  simrr(/';r  j 


But  from  Eq.  (A4)  it  is  easily  shown  that  as  R  ap¬ 
proaches  infinity 

f  - — — exp<j2-fxu'lcjz  *  -2tj  ff  P,n.  » A6 » 

J—  simr;;x  i 


n\  rr:  expQ2~zu ' '  ■  -1  >r-n  expi'./Sncif '  7 1 
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Therefore. 
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l  - expi.:.~;x-'ic;i  *  —  _  '-lf-nsir. - l '. 

J  -»  smi  ttijx  i  i  -  ; 

for  l  '  >  0.  ( A 1 0  • 

The  contour  integral  taken  over  the  lower  half  of  the 
plane  as  shown  in  Fig.  13  is  similarly  given  by 

r  ‘  r\r  A  ■ 

I  - exn<  at:xi.  ict'x  - 1  -  I  fir  - —  u  . 

-  ;x  .  :  ■  , . 

!or  u  <  fl  iAll 1 

The  results  of  Eqs.  •  A:0>  and  1 AI 1  >  thus  prove  that  the 
equality  of  Zc.  •  A 1  >  holds  true. 


Fig.  12. 
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Abstract.  In  this  paper,  the  general  formulations  of  the  apparent  transfer  function  for  the 
partially  coherent  optical  processor  will  be  derived.  Although  these  formulas  show  that  the 
apparent  transfer  function  is  dependent  upon  the  degree  of  spatial  and  temporal  coherence, 
there  is  actually  more  variability  in  the  spatial  coherence.  We  note  that  the  obtained 
formulas  may  also  be  used  as  a  criterion  in  the  selection  of  source  size  and  spectral 
bandwidth  of  an  incoherent  light  source.  Thus  a  specific  optical  information  processing 
operation  can  be  carried  out  with  an  incoherent  source. 

PACS:  42.30,  42.80 


The  description  of  a  transfer-function  for  a  linear 
spatially  invariant  optical  system  is  an  important 
concept  in  image  evaluation.  The  techniques  of  using 
amplitude  and  intensely  sinusoidal  objects  as  input 
signals  to  determine  the  transfer  characteristic  of  a 
coherent  and  an  incoherent  optical  system  has  been 
investigated  previously  [l.  2].  In  the  past,  the  concept 
of  system  transfer  function  has  been  used  as  a  criterion 
to  evaluate  the  image  quality  of  an  optical  system. 
However,  a  strict  coherent  or  incoherent  optical  field  is 
a  mathematical  idealization.  An  optica!  field  that 
occurs  in  practice  consists  of  a  very  limited  degree  of 
coherence,  because  the  electromagnetic  radiation  from 
a  real  physical  source  is  never  stnctly  monochromatic. 
In  reality,  a  physical  source  cannot  be  a  point,  but 
rather  a  finite  extension  which  consists  of  many  ele¬ 
mentary  radiators. 

The  optical  system  unde:  the  partially  coherent  regime 
has  been  studied  by  Becherer  and  Parrent  [3],  and 
Swing  and  Clay  [4],  They  have  shown  that  there  are 
difficulties  ir,  applying  the  linear  system  theory  to  the 
evaluation  of  imagery  at  high  spatial  frequencies. 
These  difficulties  are  primarily  due  to  the  inapplica¬ 
bility  of  the  linear  system  theory  under  partially 
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coherence  regime.  Nevertheless,  using  a  sinusoidal 
analysis,  an  apparent  transfer  function  for  a  partially 
coherent  optical  system  was  obtained.  The  result  is 
appreciably  different  from  those  that  would  have  been 
obtained  from  a  linear  system  concept,  either  in  in¬ 
tensity  or  in  complex  amplitude.  In  a  more  recent 
paper.  Dutta  and  Goodman  [5]  described  a  procedure 
for  sampling  the  mutual  intensity  function  so  that  the 
image  of  a  partially  coherent  object  can  be 
reconstructed. 

In  this  paper,  we  shall  show  that  an  apparent  transfer 
function  for  an  optical  information  processing  system 
can  be  derived  from  a  partially  coherent  illuminator. 
We  shall  show  that  the  apparent  transfer  function  of  a 
partially  coherent  optical  processor  is  dependent  upon 
the  temporal  and  spatial  coherence  of  the  light  source. 
We  shall  also  show  that,  the  concept  of  transfer 
function  is  a  valuable  one  that  can  be  used  as  a 
criterion  for  selecting  an  appropriate  incoherent  light 
source  for  a  specific  information  processing  operation. 

1.  Apparent  Transfer  Function  for  Temporal  Coherence 

In  a  recent  paper  [6].  we  nave  evaluated  the  coherence 
requirement  for  a  partialiy  coherent  optical  infor¬ 
mation  processing  system.  We  have  shown  that  the 
temporal  and  spatial  coherence  requirements  are.  re- 
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where  p0?>  w. 

In  optical  signal  processing  we  focus  only  the  first- 
order  terms  of  (7)  in  the  following 
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By  substituting  (5)  and  (8 1  into  (4|.  we  have: 
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where  *  denotes  the  convolution  operation. 

We  now  consider  the  effect  due  to  temporal  coherence. 
Let  us  now  assume  that  the  incoherent  source  is  a 
point  source,  i.e..  y(x0i  =  <5ix0|.  thus  (?i  becomes 
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where  A),  is  the  spatial  bandwidth  of  the  light  source. 
In  the  following,  we  shall  attempt  to  evaluate  the 
output  intensity  distribution  of  (10)  in  the  following 
separated  cases: 

(i)  for  vj<  —  .  the  output  intensity  distn- 
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bution  of  Eq.  (10)  becomes 
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where  the  image  contrast  for  both  basic  and  second 
harmonic  frequencies  are 
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we  obtain 
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and 
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We  aiso  note  that  for  the  case  of  monochromatic  point 
source,  the  outout  irradiar.ee  distribution  is 
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Fig.  Temporal  coherence  apparent  transfer  function  as  a  function 
of  input  signal  frequency  w.  for  various  values  of  spectral  width  A). 


Fig.  3.  Temporal  coherence  apparent  transfer  function  as  a  function 
of  a,,  for  various  of  spatial  width  of  filter  Ax 


where 


Because  the  apparent  transfer  function  can  be  obtained 
by  the  ratio  of  the  contrast  of  the  output  basic 
frequency  signal  to  the  contrast  of  the  input  signal,  we 
have 

P  for  cu  < 


Which  apparent  transfer  function  reduces  to  a  function 
of  p0  and  A  a. 

We  now  illustrate  the  dependency  of  the  apparent 
transfer  function  upon  the  spectral  width  of  the  light 
source  A /„  the  spatial  width  of  the  filter  Ax.  and  the 
spatial  frequency  of  the  grating  p0.  Figure  2  shows  the 
plots  of  the  apparent  transfer  function  (MTF)  as  a 
function  of  the  input  signal  frequency  cu  for  various 
values  of  spectral  bandwidth  A/..  From  this  figure  we 
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which  is  depending  upon  the  spatial  frequency  of  the 
diffraction  grating  p0.  the  spatial  width  of  the  filter  Ax. 
and  the  spectral  bandwidth  of  the  light  source  Ax. 

We  note  that  the  width  of  the  filter  Ax  should  be 
chosen  to  coincide  with  the  product  of  the  spatial 
frequency  p0  of  the  diffraction  grating,  the  focal  length 
of  the  achromatic  transform  lens,  and  the  spectral 
width  A/,  of  the  light  source.  i.e„ 


/(2/.t-  A/.) 


Ax  —  PcfA/.. 


notice  that  the  MTF  is  not  appreciably  affected  by  the 
spectral  bandwidth  A/,  of  the  light  source,  except  for 
some  slight  changes  in  frequency  response.  For  exam¬ 
ple.  an  A/,  becomes  broader,  a  slight  reduction  in  lower 
frequency  response  is  expected.  However,  the  system 
bandwidth  is  somewhat  slightly  broader.  Figure  ? 
shows  the  variation  of  MTF  as  a  function  of  cu  for 
various  values  of  spatial  width  Ax  of  the  filter  and  a 


By  substituting  this  relationship  of  (20i  into  1191.  we 
have 
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Fig  A  Temporal  coherence  apparem  iransfcr  function  as  a  funclion 
of  w.  for  various  values  o(  grating  spatial  frequency  p(1 


given  A/..  From  this  figure  we  see  that  the  system 
bandwidth  is  linearly  related  to  that  of  the  spatial 
width  of  the  filter.  In  other  words,  the  larger  the  spatial 
width  of  the  filter  used,  the  wider  the  system  band- 
w'idth  which  may  result.  Figure  4  also  shows  the 
dependent  of  the  MTF  upon  the  spatial  frequency  of 
the  grating  p0.  Again,  we  see  that  the  system  band¬ 
width  is  linearly  proportional  to  p0.  as  expected  from 
the  relationship  of  (20).  In  other  words,  a  higher 
frequency  grating  has  the  advantage  of  achieving  finer 
image  resolution.  However,  this  advantage  of  using  a 
higher  spatial  frequency  grating  is  somewhat  com¬ 
pensated  with  the  use  of  a  larger  achromatic  transform 
lens,  to  which  is  eeneralh  more  expensive. 


where  As  is  the  extended  source  size  with  reference  to 
(4).  we  see  that 
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where  we  have  used  the  following  relationship 
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By  properly  shifting  the  coordinate  axis.  (24)  can  be 
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By  substituting  (23)  and  (26)  into  (22).  we  obtained  the 
following  output  intensity  distribution  and  the  basic 
and  second  harmonic  frequencies 
■  i ,■  for  0 < As < Ax  —  2/.0fa.  we  have: 


1  '  c 

7(1’li/.  Jsi  =  |( - —I  —  —  cosGnui/) 

I '  4  8  / 


2.  Apparent  Transfer  Function  for  Spatial  Coherence 

Now  we  shall  determine  the  dependent  of  the  apparent 
transfer  function  upon  the  source  size  Jr.  To  simplify 
our  analysis,  we  assume  that  the  light  source  is  mono¬ 
chromatic  but  with  finite  extent.  The  output  intensity 
distribution  of  (3i  can  therefore  be  written  as: 
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For  simplicity,  we  assume  that  a  uniform  irradiar 
distribution  of  the  extended  iicht  source  exists,  i.e.. 
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Fig.  5a  and  b.  Spatial  coherence  apparent  transfer  function  as  a 
function  of  input  signal  frequency  cj.  for  various  values  of  source  size 
Js.  (a i  Basic  MTF.  (bi  Second-harmonic  MTF 


Fig  6a  and  b  Spatial  coherence  apparent  transfer  function  as  a 
function  of  input  signal  frequency  tu.  for  various  vaiues  of  filter  width 
j.v  121  basic  MTF.  (bi  Second  harmonic  MTF 
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(v)  for  Ax  <a>/.0f.  we  again  obtain 
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(35) 

and 
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Notice  that  where  this  cut-off  frequency  of  the  optical 
system  is  cum,x=  dx/7.0/.  Thus  the  apparent  transfer 
function  of  the  optical  processing  system,  for  both  the 
basic  and  second  harmonic  frequencies  are 


the  source  size  increases.  Unlike  the  first  harmonic 
MTF  of  Fig.  5a.  the  cut-off  frequency  tends  to  stay  at 
the  same  values,  although  the  higher  frequency  re¬ 
sponse  decreases  rather  rapidly. 

Figures  6a  and  6b  show  the  basic  and  the  second- 
harmonic  MTF  as  a  function  of  input  spatial  frequency 
ui.  for  various  sizes  of  spatial  filters  Ax.  for  a  given  As. 
From  these  two  figures,  again  we  see  that  the  transfer 
system  bandwidth  is  linearly  related  to  the  size  of  the 
spatial  filter.  Thus  MTF  is  obviously  limited  by  the 
filter  bandwidth  of  the  optical  processor.  The  increase 
of  filter  bandwidth  als*.  ,auses  a  reduction  in  temporal 
coherence,  which  in  turn  reduces  the  processing  capa¬ 
bility.  Nevertheless,  an  optimum  processing  capability 
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and  similarly: 
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(38) 


From  the  above  equations,  one  may  see  that  MTF. 
either  for  the  fundamental  or  for  the  second-harmonic 
frequency,  decreases  rather  rapidly  as  the  source  size 
As  increases.  Figure  5a  shows  MTF  as  a  function  of 
input  spatial  frequency  to.  for  various  values  of  source 
size  ds.  From  this  figure,  we  discover  that  the  fre¬ 
quency  response  (i.e..  MTF)  decreases  quite  rapidly  as 
the  source  size  increases.  In  other  words,  for  a  fixed 
filter  size,  the  smaller  the  source  size  used,  the  better 
the  system  frequency  response.  We  aiso  see  that,  where 
the  source  size  is  adequately  small  le.g..  ds^0.02mmi 
the  MTF  approaches  the  strict  coherent  MTF.  or,  the 
other  hand,  if  the  source  size  is  significantly  large  ie.g.. 
dsS4mm)  the  MTF  approaches  that  of  the  incoherent 
case.  Figure  5b  shows  the  second-harmonic  MTF  as  a 
function  of  input  spatial  frequency  cj.  From  the  figure, 
we  see  that  frequence  response  decreases  e\er.  faster  as 


can  be  obtained  with  the  appropriate  MTF  for  certain 
optica)  processing  operations. 

3.  Conclusion 

The  nonlinear  behavior  of  the  partially  coherent  opti¬ 
cal  processor,  when  considering  either  intensity  or 
amplitude  distribution  input  signals,  necessitates  the 
use  of  the  apparent  transfer  function  to  accurately 
predict  the  system  response.  We  have  derived  the 
general  formulas  for  MTF  ir,  terms  of  the  theory  of 
partially  coherent  light.  These  derivations  indicate  the 
dependence  of  MTF  upon  the  cegree  of  spatial  coher¬ 
ence  u.e..  the  source  size '  as  well  as  the  cegree  of 
temporal  coherence  u.e..  the  source  spectral  band¬ 
width  MTF  has  beer,  shown  tc  oe  less  derencent 
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upon  the  spatial  coherence  requirement  as  compared 
to  its  relationship  with  the  temporal  coherence 
requirement. 

It  has  been  noted  that  the  spatial  bandwidth  of  our 
optical  processor  is  primarily  dependent  upon  the  size 
of  the  filter  Ax.  where  the  filter  is  placed  in  the  Fourier 
plane.  The  transfer  systems  bandwidth  may  be  in¬ 
creased  by  using  a  larger  spatial  filter  Ax.  However,  the 
size  of  the  filler  is  selected  such  that  Ax  =  p0  f  A  '/.,  which 
is  linearly  related  to  the  spatial  frequency  of  grating, 
the  focal  length  of  the  transform  lens  and  the  spectral 
width  of  the  light  source.  A  narrow  spectral  band  A/,  is 
necessary  for  most  partially  coherent  optical  infor¬ 
mation  processing  operations.  In  order  to  achieve  the 
required  A/,  for  a  wide  strip  of  spatial  filter  Ax  in  the 
spatial  fiequencv  plane,  a  diffraction  grating  of  suf¬ 
ficiently  high  frequency  p0  at  the  input  plane  is  needed. 
For  example,  for  partially  coherent  processing  with  a 
white  light  source,  a  set  of  narrow  spectral  band  filters, 
each  with  a  spectral  bandwidth  A/.,  can  be  used  in  the 


spatial  frequency  plane.  Finally,  we  stress  that  the 
apparent  transfer  function  which  we  have  obtained  is 
rather  general  and  may  be  applied  to  any  partially 
coherent  optical  processing  system. 
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SOURCE  ENCODING,  SIGNAL  SAMPLING 
AND  SPECTRAL  BAND  FILTERING 
FOR  PARTIALLY  COHERENT  OPTICAL  SIGNAL 

PROCESSING 


SUMMARY  :  Relations  between  coherence  requirement,  spcclrai 
filtering,  signal  sampling,  and  source  encoding  are  discussed  Since 
the  spatial  coherence  requirement  is  determined  hy  the  signal  pro¬ 
cessing  operation,  a  strict  spatial  coherence  Is  usually  not  required 
The  advantage  of  the  source  encoding  is  to  relax  the  constraints 
of  a  physical  light  source  so  that  the  signal  processing  can  be  carried 
out  with  an  extended  incoherent  source  The  effect  of  signal  sampling 
is  to  improve  the  temporal  coherence  requirement  at  the  Fourier 
plane  so  that  the  spatial  filtering  can  be  carried  out  with  partially 
coherence  mode  The  objective  of  broad  spectral  band  filtering  is 
to  carry  out  the  signal  processing  over  the  entire  spectral  band  of 
the  light  source  so  that  the  coherent  noise  can  be  eliminated.  Since 
the  partially  coherent  optical  processor  utilizes  a  broad  spectral 
hand  while-light  source,  it  is  particularly  suitable  for  color  signal 
processing  Experimental  demonstrations  for  the  source  encoding, 
signal  sampling  and  spectral  band  filtering  arc  included. 


INTRODUCTION 


Since  the  invention  of  laser  fi.e..  a  strong  coherent 
source)  laser  has  become  a  fashionable  tool  for  many 
scientific  applications  particularly  as  applied  to  cohe¬ 
rent  optical  signal  processing  However  coherent 
optical  signal  processing  systems  are  plagued  with 
coherent  noises,  which  frequently  limit  their  process¬ 
ing  capability.  As  noted  by  the  late  Gabor,  the  Nobel 
prize  winner  in  physics  in  1970  for  his  invention  of 
holography,  the  coherent  noise  is  the  number  one 
enemy  of  the  Modern  Optical  Signal  Processing  [1], 
Aside  the  coherent  noise,  the  coherent  sources  arc 
usually  expensive,  and  the  coherent  processing  envi¬ 
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Mots  n.i-s 


Krv  words 


Truilcmcni  opliquc 
Coherence 


Optical  processing 
Coherence 


Traitement  optique  en  eclairage  partiellement  coherent 
en  modulant  la  source  et  le  signal 
et  en  ftltrant  le  spectre  du  signal 


RESUME  :  On  discule  dcs  relations  enire  la  coherence,  le  filtragc. 
I'echantiilonnage  du  signal  el  la  modulation  dc  la  source.  Puisque 
le  degre  dc  coherence  spalialc  csl  determine  par  le  tnmement  dc 
I'miagc.  unc  parfaile  coherence  spalialc  n'csl.  en  general,  pas  ncecs- 
sairc.  L'avantage  de  moduler  la  source  esl  dc  permetlre  de  trailer 
fimage  avec  unc  source  etendue  incoherente  LelTet  dechanlil- 
lonncr  fimage  est  d'amcliorer  la  coherence  lemporclle  dans  le  plan 
de  Fourier  dc  facon  que  le  fillragc  puissc  s'lffcclucr  en  lumiere 
partiellement  cohcrenlc  temporcllemenl.  L  utilisalion  d  un  domaine 
spectral  large  a  pour  but  de  reduire  le  bruit  du  a  la  coherence 
spatiale  de  I'eclairage.  Enfm.  puisque  un  dispositif  dc  traitement 
d  image  en  lumiere  partiellement  cohcreme  utilise  unc  source  de 
lumiere  blanche,  il  parait  particulicrcmcni  bien  adaptc  au  traite¬ 
ment  dcs  images  en  coulcurs.  On  presume  dcs  experiences  mon- 
trant  l'avantage  de  moduler  la  source  et  d'cchantillonncr  fimage 
lorsqu’on  utilise  unc  source  etendue  de  lumiere  blanche 


ronments  are  very  stringent.  For  example,  heavy 
optical  benches  and  dust  free  environments  arc  gene¬ 
rally  required. 

Recently,  we  have  looked  at  the  optical  processing 
from  a  different  standpoint.  A  question  arises,  is  it 
necessarily  true  that  all  optical  signal  processing 
required  a  coherent  source  ?  The  answer  to  this 
question  is  that  there  are  many  optical  signal  pro¬ 
cessings  that  can  be  carried  out  by  a  while-light 
source  [2]  The  advantages  of  the  proposed  white- 
light  signal  processing  technique  arc  :  1  It  is  capable 
of  suppressing  the  coherent  noise;  2.  White-light 
sources  arc  usually  inexpensive;  3  The  processing 
environments  are  not  critical;  4  The  white-light  sys- 
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tern  is  relatively  easy  and  economical  to  maintain; 
and  5.  The  white-light  processor  is  particularly  sni- 
tahle  for  coloi  imago  pioccssmg. 

One  question  that  the  reader  may  ask.  since  the 
while-light  system  oilers  all  these  glamorous  merits, 
why  it  has  been  ignored  for  so  long  ?  The  answer  to 
this  question  is  that,  it  was  a  general  acceptance  that 
an  incoherent  source  cannot  process  the  signal  in 
complex  amplitude.  However,  none  of  the  practical 
sources  are  strictly  incoherent,  even  a  white-light 
source.  In  fact,  we  were  able  to  utilize  the  partial 
coherence  of  a  wlnlc-lighl  source  to  perform  the 
complex  amplitude  processing.  The  proposed  white- 
light  processor,  on  one  hand  it  is  capable  of  suppressing 
the  coherent  noise  like  an  incoherent  processor,  on 
the  other  hand  it  is  capable  of  processing  the  signal 
in  complex  amplitude  like  a  coherent  processor. 

There  is  however  a  basic  different  approach  toward 
a  coherent  and  a  while-light  processor.  In  coherent 
processing,  virtually  no  one  seems  to  care  about  the 
coherence  requirements,  since  the  laser  provides  a 
strong  coherent  source.  However,  in  white-light  pro¬ 
cessing.  the  knowledge  of  the  coherence  requirement 
is  usually  needed. 

In  white-light  processing  we  would  approach  the 
problem  backward,  hirst.  \vc  should  know  what  is  the 
processing  operation  we  wish  to  perform  ;  Is  it  a  1-D 
or  2-D  processing  0  Is  the  signal  filtering  a  point  or 
point-pair  concept  ?  What  is  the  spatial  bandwidth 
of  the  signal  ?  etc.  Then  with  these  knowledges,  we 
would  be  able  to  evaluate  the  coherence  requirements 
at  the  Fourier  and  at  the  input  planes.  From  the  eva¬ 
luated  results,  we  would  be  able  to  design  a  signal 
sampling  function  and  a  source  encoding  function 
to  obtain  these  requirements.  The  objective  of  using 
a  signal  sampling  function  is  to  achieve  it  high  degree 
of  temporal  coherence  in  Fourier  plane  so  that  the 
signal  can  be  processing  in  complex  amplitude,  for 
the  entire  spectral  band  of  a  while-light  source.  And 
for  the  source  encoding  is  to  alleviate  the  constraint 
of  an  extended  white-light  source. 

In  the  following  sections,  we  shall  discuss  in  detail 
the  source  encoding,  signal  sampling  and  spatial  band 
filtering  as  applied  to  a  partially  coherent  optical 
(e.g..  white-light)  signal  processing. 


PARTIALLY  COHERENT  OPTICAL  SIGNAL 
PROCESSING 


We  shall  now  describe  an  optical  signal  processing 
technique  that  can  he  carried  out  by  a  broad  band 
while-light  .source,  as  illustrated  in  figure  1.  The 
white-light  signal  processing  system  is  similar  to  that 
of  a  coherent  system,  except  the  use  of  a  white-light 
source,  source  encoding  mask,  signal  sampling  grating, 
multispectral  filters  and  achromatic  transform  lenses 
For  example,  if  we  place  a  signal  transparency  s( .v.  y) 
in  contact  with  a  sampling  phase  grating,  the  complex 
light  field  for  every  wavelength  /.  behind  the  achro¬ 
matic  transform  lens  L,  would  be 


E(p.  q ;  /.) 


six.  y)  exp(  ipP  .v)  > 


where  the  integral  is  over  the  spatial  domain  ol  the 
input  plane  /’,.  ( />.  i/i  denotes  the  angular  spatial 
frequency  cooidinalc  system.  /»,,  is  the  angular  spatial 
frequency  of  the  sampling  phase  grating,  and  Sip.  </) 
is  the  Fourier  spectrum  ol  vt.v.  y)  If  we  write  Eq.  (1  ) 
in  the  form  of  linear  spatial  coordinate  system  (a.  /()■ 
wc  have 


£(a.  /I ;  /.)  =  s(^y  -  Po_  /j'j .  (2) 

where  p  —  (2  n!/.f)  a.  q  -  (2  ni/.f  I  //.  and  /  is  the 
focal  length  of  the  achromatic  transform  lens  Thus, 
wc  see  that  the  Fourier  spectra  would  dis|x;rse  into 
rainbow  color  along  the  a  axis,  and  each  Fourier 
spectrum  for  a  given  wavelength  /.  is  centered  at 
a  ±  (/.// 2  rrj  />„. 


t;IC.  I.  —  A  white -llglu  tiptiuil  signtil  pmtfssor 


In  signal  filtering,  wc  assume  that  a  sequence  of 
complex  spatial  Tillers  for.  various  /.„  arc  available, 
i  c..  //(/>„.  </„).  where  />„  =( 2  ni/.„  I )  a.  </„  =<2  n  /)  /(. 
In  practice,  all  the  processing  signals  are  spatial  fre¬ 
quency  limited,  the  spatial  bandw  idth  of  each  spectral 
band  filler  //(p„.  </„)  is  also  oandlimitcd.  such  as 


H(p„-  q„) 


a,  <  a  <  a;. 
0.  otherwise. 


(?) 


where  a,  —  (/.„/’ 2  n )(p0  -1-  Apt  and  a ,  =  (/.„/ 2  ~)  x 
(p p  —  A p)  are  the  upper  and  the  lower  spatial  limns 
of  H(pn.  <7„).  and  A p  is  the  spatial  bandwidth  of  the 
input  signal  si .v.  y). 

The  limiting  wavelengths  of  each  //(p„.  </„)  cun  be 
written  as 


.  />0  +  Ap  _  ,  .  .  Po  “  Ap  ,,v 

//  =  .  ‘'nd  /.h  =  /.„ - —  .  (4) 

P„  ~  A p  pn  Ap 

The  spectral  bandwidth  of  //(/>„.  </„)  is  therefore. 

4  pp  Ap  4  A p  . 


a;..  = 


p:  - (Apr 


Po 


(5) 


If  wx  place  this  set  of  spectral  band  filters  side- by  - 
side  positioned  oxer  the  smeared  Fourier  spectra,  then 
the  intensity  distribution  of  the  output  light  field  can 
be  shown  as. 


/(.v.  r)  i  A/.„  ’  M  \.  y  ./.„)• /u  \  y  .  tb) 

•>-  i 


x  cxp[-  i (p.v  -s  i/y  )]  d v  di  =  Sip  -  /»„.</).  (It 


where  hi  v.  i  :  /.t  is  the  spatial  impulse  response  of 
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//(/>„,  </„)  ami  *  denotes  the  convolution  operation. 
Tints,  the  proposed  white- 1  iult t  signal  processor  is 
capable  of  processing  the  signal  in  complex  amplitude. 
Since  the  output  intensity  is  the  sum  of  the  mutually 
incoherent  narrow  band  irradianccs.  the  annoying 
coherent  noise  can  be  eliminated.  Furthermore,  tnc 
white-light  source  contains  all  the  color  wavelengths, 
the  proposed  system  is  particularly  suitable  for  color 
signal  processing. 
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SPECTRAL  BAND  FILTERING,  SIGNAL 
SAMPLING  AND  SOURCE  ENCODING 

We  have  mentioned  earlier  for  white-light  or  par¬ 
tially  coherent  processing,  we  would  approach  the 
problem  in  backward  manner.  For  example,  if  signal 
filtering  is  two-dimensional  (c.g..  2-D  correlation  ope¬ 
ration).  we  would  synthesize  a  set  of  narrow  spectral 
band  filters  for  each  for  the  entire  smeared  Fourier 
spectra,  as  illustrated  in  figure  2(a).  On  the  other 
hand,  if  the  signal  filtering  is  one-dimensional  (e.g., 
deblurring  due  to  linear  motion),  a  broadband  fan- 
shape  spatial  filter,  to  accomodate  the  scale  variation 
due  to  wavelength,  can  be  utilized  as  illustrated  in 
figure  2(b).  Since  the  filtering  is  taken  place  with  the 
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entire  spectral  band  of  the  light  source,  the  coherent 
noise  can  he  suppressed  and  the  white-light  processing 
technique  is  very  suitable  for  colour  image  processing. 

There  is.  however,  a  temporal  coherence  require¬ 
ment  imposed  upon  the  signal  filtering  in  Fourier 
plane.  Since  the  scale  of  the  Fourier  spectrum  varies 
with  wavelength,  a  temporal  coherence  requirement 
should  be  imposed  on  each  spatial  filter  at  the  Fourier 
plane.  Thus,  the  spectral  spread  over  each  filter 
H(p„.  qj  is  imposed  by  the  temporal  coherence  requi¬ 
rement.  i.e.. 


4  A/; 


«  I  . 


(7) 


From  this  requirement,  a  high  degree  of  temporal 
coherence  is  achievable  in  the  Fourier  plane  by  simply 
increasing  the  spatial  frequency  of  the  sampling  grat¬ 
ing.  Needless  to  say  that  the  same  temporal  coherence 
requirement  of  Eq.  (7)  can  also  be  applied  for  a 
broadband  fan-shape  filter. 

There  is  also  a  spatial  coherence  requirement 
imposed  at  the  input  plane  of  the  white-light  processor. 
With  reference  to  the  Wolfs  [3]  partial  coherence 
theory  [3],  the  spatial  coherence  function  at  the  input 
plane  can  be  shown  [4], 


f(x  -  x') 


■JJ 


y(x0)  exp 


i  2  n  j j(x  -  x') 


dxn 


(8) 


where  y(x0)  denotes  the  intensity  distribution  of  the 
source  encoding  function. 

From  the  above  equation,  we  see  that  the  spatial 
coherence  and  source  encoding  functions  form  a 
Fourier  transform  pair,  i.e.. 


y(x0)  =  ,7[r(x  -  x')].  (9) 

and 


T(x  —  x')  =  5-'[>’(x0)].  (10) 

where  ;?  denotes  the  Fourier  transformation.  This 
Fourier  transform  pair  implies  that  if  a  spatial  cohe¬ 
rence  function  is  given  then  the  source  encoding 
function  can  be  evaluated  through  the  Fourier  trans¬ 
formation  and  vice  versa.  We  note  that  source  encoding 
function  can  consist  of  apertures  of  any  shape  or 
complicated  gray  scale  transparency.  However  the 
source  encoding  function  is  only  limited  to  a  positive 
real  quantity  which  is  restricted  by  the  following 
physical  realizable  condition  : 

0  $  y(x„)  sc  I  .  (II) 

In  white-light  processing,  we  would  search  for  a 
reduced  spatial  coherence  requirement  for  the  pro¬ 
cessing  operation.  With  reference  to  this  reduced 
spatial  coherence  function,  a  source  encoding  func¬ 
tion  that  satisfied  the  physical  realizability  condition 
can  be  obtained.  One  of  the  basic  objectives  of  the 
source  encoding  is  to  alleviate  the  constraint  of  a 
while-light  source.  Furthermore  the  source  encoding 
also  improves  the  utilization  of  the  light  power  such 
that  the  optical  processing  can  be  carried  out  by  an 
extended  source. 
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where  S  P  la  positive  integer,  and  »t  </.  F.q.  (14) 
represents  a  sequence  of  narrow  pulses  which  occur 
at  every  |  y  -  r  |  =  where  n  is  a  positive  integer, 
and  their  peak  values  are  weighted  hv  a  broader  sine 
factor,  as  shown  in  figure  4(a).  Thus,  a  high  degree 
of  spatial  cohetcncc  can  be  achieved  at  every  pomt- 
pair  between  the  two  input  color  transparencies.  By 
tiiking  the  Fourier  transformation  of  the  reduced 
spatial  coherence  function  of  Eq.  (14).  the  correspond¬ 
ing  source  encoding  function  is 

r(|v|)=  X  rect  !  1  .  (15) 

n  ~  I  M 


lit.  }  A  it  hm-hght  umtw  m  ihlrm  Ittm  /mur.wtH.  /(\).  /ilut.\r 
!!i  tiling,  /-i  .  onngr  /cn\.  I.,  ;  tollmuila/  Uos>  /.,  and  /.,  .  tu  human  n 
unnsfonn  lenses,  y(i).  \ounc  cm  mini i*  nui\k.  (i .  tnn-shnjH'  thf- 
J [m  l ion  grating. 


We  shall  now  illustrate  an  application  of  the  source 
encoding,  signal  sampling  and  filtering  for  a  white- 
light  signal  processing.  Let  us  now  consider  a  poly¬ 
chromatic  image  subtraction  [5].  The  image  sub¬ 
traction  of  Lee  |6]  that  we  would  consider  is  essentially 
a  one-dimensional  processing  operation,  in  which  a 
1-D  fan-shape  diffraction  grating  should  be  utilized, 
as  illustrated  in  figure  3.  We  note  that  the  fan-shape 
grating  (i.c.,  filter)  is  imposed  by  the  temporal  cohe¬ 
rence  condition  of  Eq.  (7).  Since  the  image  subtraction 
is  a  point-pair  processing  operation,  a  strictly  broad 
spatial  coherence  function  at  the  input  plane  is  not 
required.  In  other  words,  if  one  maintains  the  spatial 
coherence  between  the  corresponding  image  points 
to  be  subtracted  at  the  input  plane,  then  the  subtrac¬ 
tion  operation  can  be  carried  out  at  the  output  image 
plane.  Thus  instead  of  using  a  strictly  broad  spatial 
coherence  function,  a  reduced  spatial  coherence  func¬ 
tion  may  be  utilized,  such  as 

T( v  -  v')  =  <$(v  -  y'  -  /t0)  +  f>(y  -  v'  +  /t„).  (12) 


where  2  /i0  is  the  main  separation  between  the  two 
input  color  transparencies.  The  source  encoding  func¬ 
tion  can  therefore  be  evaluated  by  through  the  Fourier 
transform  of  Eq.  (9).  such  as 


rOn) 


2  cos 


(13) 


Unfortunately  Lq.  (13)  is  a  bipolar  function  which  is 
not  physically  realizable.  To  ensure  a  physically 
realizable  source  encoding  function,  we  let  a  reduced 
spatial  coherence  function  with  the  required  point- 
pair  coherence  characteristic  be  (7). 


nir  -  I'D  = 


,  Yn 

sin  - —  I  r  -  r  ! 

'll  nu 

r  sine  —  |  v 
.  ,  r.  , .  \  \hn  d 

,\  sin  7-!  v  -  v 


4 


(14) 


where  »«■  is  the  slit  width,  tl  --  (7.///i„)  is  the  separation 
between  the  slits,  anil  N  is  the  number  of  the  slits. 
Since  y(|  r  f)  is  a  positive  real  function  which  satisfies 
the  constraint  of  Eq.  (1 1 ).  the  proposed  source  encod¬ 
ing  function  of  Eq.  (15)  is  physically  realizable. 

In  view  of  Eq.  (15).  we  also  note  that  the  separation 
of  slit  d  is  linearly  proportional  of  the  7_  The  source 
encoding  is  a  fan-shape  type  function,  as  shown  in 
figure  4(b).  To  obtain  lines  of  rainbow  color  spectral 
light  source  for  the  signal  processing,  we  would  utilize 
a  linear  extended  white-light  source  with  a  dispersive 
phase  grating,  as  illustrated  in  figure  3.  Thus  with 


n*-yi 


niti\k 


I  1  S  Yt 


65 


./.  Optus  I  Paris).  I‘)X.Y  vol.  14.  n"  4 


appropriate  source  encoding,  signal  sampling  and  fil¬ 
tering.  color  image  subtraction  operation  can  lv 
obtained  a  I  the  output  plane.  We  stress  again,  the 
basic  advantage  of  source  encoding  is  to  alleviate  the 
constraint  of  strict  spatial  coherence  requirement 
imposed  upon  the  optical  signal  pioccssor.  I  lie  source 
encoding  also  offers  the  advantage  of  efficient  utili¬ 
zation  of  the  light  power. 


EXPERIMENTAL  DEMONSTRATIONS 

We  shall  now  provide  a  couple  of  experimental 
results  obtained  with  the  source  encoding.,  signal 
sampling  and  spectral  band  filtering  technique  for 
white-light  and  extended  incoherent  courses.  We 
shall  first  show  the  result  obtained  for  color  image 
deblurring  due  to  linear  motion  with  the  white- 
light  processing  technique.  Since  linear  motion  demur¬ 
ring  is  a  1-D  processing  operation  and  the  inverse 
filtering  is  a  point-by-point  filtering  concept  such 
that  the  operation  is  taking  place  on  the  smearing 
length  of  the  blurred  image.  Thus  the  dcblurring 
filter  (i.c..  inverse  filter)  is  a  fan-shape  type  spatial 
filter  [8]  and  the  temporal  coherence  requirement 
is  imposed  by  Eq.  (7).  The  spatial  coherence  require¬ 
ment  is  dependent  upon  the  smearing  length.  A  source 
encoding  function  of  a  narrow  slit  width  (dependent 
upon  the  smearing)  perpendicular  to  the  smearing 
length  is  utilized.  Figure  5(a)  shows  a  color  picture 
of  a  blurred  image  due  to  linear  motion  of  a  F-16 
fighter  plane.  The  body  of  this  fighter  plane  is  painted 
in  navy  bluc-and-whilc  colors,  the  wings  are  mostly 
painted  in  red.  the  tail  is  navy  blue-and-while.  and  the 
ground  terrain  is  generally  bluish  color.  From  this 
figure,  we  see  that  the  plane  is  badly  blurred. 
Figure  5(b)  shows  the  color  image  dcblurring  result 
that  we  obtained  with  the  proposed  white-light 
dcblurring  technique.  From  this  deblurred  result 
the  letters  and  overall  shape  of  the  entire  airplane 
are  more  distinctive  than  the  blurred  one.  Further¬ 
more  the  river,  the  highways,  and  the  forestry  of  the 
ground  terrain  tire  fin  more  visible.  We  note  that 
the  color  reproduction  of  the  deblurred  image  is 
spectacularly  faithful,  and  coherent  artifact  noise  is 
virtually  non-cxistcd.  There  is.  however,  some  degree 
of  color  blur  and  color  deviation,  which  are  primarily 
due  to  the  chromatic  aberration  and  the  anti-reflec- 
lancc  coining  of  the  transform  lenses.  Neverthe¬ 
less.  these  drawbacks  can  be  overcome  by  utilizing 
good  quality  achromatic  transform  lenses. 

Let  us  now  provide  a  color  image  subtraction 
utilized  by  the  source  encoding  technique  with 
extended  incoherent  sources  its  described  in  previous 
sections.  Figure  6fti)  and  6(h)  show  two  color 
image  transparencies  of  a  parking  lot  as  input  color 
objects.  Figure  6(c)  shows  the  color  subtracted 


image  obtained  by  the  source  encoding  technique 
with  extended  incoherent  source.  In  this  figure, 
the  profile  ol  a  (red)  subcompact  car  can  be  seen  at 
the  output  image  plane.  The  shadow  and  the  parking 
line  (in  yellow  color)  can  also  be  readily  identified. 
We  however  note  that,  litis  colot  image  subtraction 
result  is  obtained  by  two  narrow  band  extended 
incoherent  sources.  Extcntion  toward  the  entire 
spectral  band  of  a  white-light  source  is  currently 
under  investigation. 

CONCLUSION 

In  conclusion  we  would  point  out  that  the  advantage 
of  source  encoding  is  to  provide  an  appropriate 
spatial  coherence  function  at  the  input  plane  so  that 
the  signal  processing  can  be  carried  out  by  an  extended 
incoherent  source.  The  effect  of  the  signal  sampling 
is  to  achieve  the  temporal  coherence  requirement 
at  the  Fourier  plane  so  that  the  signal  can  be  processed 
in  complex  amplitude.  If  the  filtering  operation  is 
two-dimensional,  a  multi-spcclral-hand  2 -D  filters 
should  be  utilized.  If  the  filtering  operation  is  one¬ 
dimensional.  a  fan-shape  filter  can  be  used. 

In  short,  one  should  carry  out  the  processing 
requirements  backward  for  a  partially  coherent  or 
white-light  processing.  With  these  processing  require¬ 
ments  (e.g..  operation,  temporal  and  spatial  coherence 
requirements),  multi-spectral-band  or  fan-shape  filter, 
signal  sampling  function,  and  source  encoding  mask 
can  be  synthesized.  Thus  the  signal  processing  can 
be  carried  out  in  complex  amplitude  over  the  whole- 
spectral  band  of  an  extended  while-light  source. 

We  acknowledge  the  support  of  the  U.S.  Air  Force 
Office  of  Scientific  Research  Grant  AFOSR-81-0148. 
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Abstract.  A  relation  between  spatial  coherence  function  and  source  encoding  intensity 
transmittance  function  is  presented.  Since  the  spatial  coherence  is  depending  upon  the 
information  processing  operation,  a  strictly  broad  spatial  coherence  function  may  not  be 
required  for  the  processing.  The  advantage  of  the  source  encoding  is  to  relax  the  constraints 
of  strict  coherence  requirement,  so  that  the  processing  operation  can  be  carried  out  with  an 
extended  incoherent  source.  Emphasis  of  the  source  encodings  and  experimental  de¬ 
monstrations  are  given.  The  constraint  of  temperal  coherence  requirement  is  also  discussed. 


PACS:  42.30.  42.80 


The  use  of  coherent  light  enables  optical  processing 
systems  to  carry  out  many  sophisticated  information 
processing  operations  [1.  2].  However,  coherent  opti¬ 
cal  processing  systems  are  contaminated  with  coherent 
artifact  noise,  which  frequently  limits  their  processing 
capabilities.  Recently,  attempts  of  using  an  incoherent 
source  to  carry  out  complex  information  processing 
operations  had  been  pursued  by  several  investigators 
[3-6].  The  basic  limitations  of  using  incoherent  source 
for  partially  coherent  processing  is  the  extended  source 
size.  To  achieve  a  broad  spatial  coherence  function  at 
the  input  piane  of  an  optica!  information  processor,  a 
very  small  source  size  is  required.  However,  such  a 
small  light  source  is  difficult  to  obtain  in  practice.  \Ye 
have,  nevertheless,  shown  in  recent  published  papers 
['-10]  that  there  are  information  processing  oper¬ 
ations  which  can  be  carried  out  with  incoherent 
source.  In  other  words,  a  strictly  broad  coherence 
requirement  may  not  be  needed  for  some  optical 
information  processing  operations. 

In  this  paper,  we  shall  describe  a  linear  transformation 
relationship  between  spatial  coherence  function  and 
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source  encoding  intensity  transmittance  function. 
Since  the  spatial  coherence  requirement  is  depending 
upon  the  information  processing  operation,  a  more 
relaxed  coherence  function  mat  be  used  for  a  specific 
processing  operation.  By  Fourier  transforming  this 
coherence  function,  a  source  encoding  intensity  trans¬ 
mittance  function  may  be  found. 

The  purpose  of  source  encoding  is  to  reduce  the 
coherent  requirement,  so  that  an  extended  incoherent 
source  can  be  used  for  the  processing.  In  other  words, 
the  source  encoding  technique  is  capable  of  generating 
an  appropriate  coherence  function  for  a  specific  infor¬ 
mation  processing  operation  and  at  the  same  time  it 
utilizes  the  available  light  power  more  effectively.  We 
shall  illustrate  examples  that  complex  information 
processing  operation  can  actually  be  carried  out  by  an 
encoded  extended  incoherent  source.  Experimental 
illustrations  with  this  source  encoding  technique  are 
also  included. 

Source  Encoding  with  Spatial  Coherence 

We  shall  begin  our  discussion  with  the  Young's  experi¬ 
ment  under  extended  incoherent  source  illumination, 
as  shown  in  Fig.  1.  First,  we  assume  that  a  narrow  si:t 
is  placed  at  piane  P,  behind  ar.  extended  source.  To 
maintain  a  high  degree  of  soatia'.  coherence  between 
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Fig  I.  Young's  experiment  with  extended  source  illumination 


the  slits  Q,  and  Q,  at  P2.  it  is  known  that  the  source 
size  should  be  very  narrow.  If  the  separation  between 
Q,  and  Q:  is  large,  then  a  narrower  slit  size  S,  is 
required.  Thus,  to  maintain  a  high  degree  of  spatial 
coherence  between  Q,  and  Q2.  the  slit  width  should  be 

[HI 


where  R  is  the  distance  between  planes  P,  and  P2.  and 
2 h0  is  the  separation  between  Q,  and  Q2  (Fig.  1). 

Let  us  now  consider  two  narrow  slits  of  S,  and  S2 
located  in  source  plane  P,.  We  assume  that  the 
separation  between  S,  and  S2  satisfied  the  following 
path  length  relation : 

r  j  —  r2  =  (r  j  —  r2)  •*-  m/. .  (2) 

where  the  r‘s  are  the  respective  distances  from  S,  and 
S;  to  Q,  and  Q2.  as  shown  in  the  figure,  m  is  an 
arbitrary  integer,  and  /.  is  the  wavelength  of  the 
extended  source.  Then  the  interference  fringes  due  to 
each  of  the  two  source  slits  S.  and  S-  would  be  in 
phase.  A  brighter  fringe  pattern  can  be  seen  at  plane 
P,.  To  further  increase  the  intensity  of  the  fringe 
pattern,  one  would  simpiy  increase  the  number  of 
source  slits  in  appropriate  locations  in  the  source  plane 
Pj  such  that  every  separation  between  slits  satisfied  the 
coherence  or  fnnee  condition  of  i2i.  If  separation  R  is 


large,  i.e..  RPd  and  Rp2h(l.  then  the  spacing  d 
between  the  source  slits  becomes. 

,  /R 

d-m  — — .  (3i 

-K 

From  the  above  illustration,  we  see  that  by  properh 
encoding  an  extended  source,  it  is  possible  to  maintain 
the  spatial  coherence  between  Q,  and  Q,.  and  at  the 
same  time  it  increases  the  intensin  of  illumination. 
Thus,  with  a  specific  source  encoding  technique  for  a 
given  information  processing  operation  may  result  a 
better  utilization  of  an  extended  source. 

To  encode  an  extended  source,  we  would  first  search 
for  a  spatial  coherence  function  for  an  information 
processing  operation.  With  reference  to  an  extended 
source  optical  processor  of  Fig.  2.  the  spatial  coherence 
function  at  input  plane  P;  can  be  written  [11] 

r(x,.x'2)=  J[Slx1)K1(x,.x2)K1<x,.x2)t/x1 .  (4) 

where  the  integration  is  over  the  source  plane  P,.  Six,) 
is  the  intensity  transmittance  function  of  a  source 
encoding  mask,  and  K,(x,.x2)  is  the  transmittance 
function  between  source  Plane  P,  the  input  plane  P2, 
which  can  be  w’ritten 


X  J  (x , .  x ,  I  exp  p  ^2ti  — J  j  •  (5* 

By  substituting  K,(x,.x2)  into  (4).  we  have 

r(x--x',)=  f  f 5(x J ) exp[i27T (x -  —  x',)] iix J .  (6) 

’  "  l  ''J"*  J 

From  the  above  equation,  we  see  that  the  spatial 
coherence  function  and  source  encoding  intensity 
transmittance  function  forms  a  Fourier  transform  pair 

5ix,)=^[r(x;-x;)].  (7) 


fix  -  —  x2i  =  .r  ~  ‘[six, )] .  (8i 

where  y  denotes  the  Fourier  transformation  oper¬ 
ation.  If  a  spatial  coherence  function  for  an  infor¬ 
mation  processing  operation  is  provided,  then  the 
source  encoainc  intensitv  transmittance  function  can 
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Source  Encoding  for  Partially  Coherent  Optical  Processing 


be  determined  through  Fourier  transformation  of  (7). 
We  note  that  the  source  encoding  function  S(\,l  can 
consist  of  apertures  or  slits  of  any  shape.  We  further 
note  that  in  practice  S(x,)  should  be  a  positive  real 
function  which  satisfies  the  following  physical  realiz¬ 
able  condition  : 


OgStx,)^  1 . 


(9) 


For  example,  if  a  spatial  coherence  function  for  an 
information  processing  operation  is 


r(x,-x',)  =  rect 


i-V-  -Vpl 


(10) 


where  A  is  an  arbitrary  positive  constant,  and 

jxl  fl. 

1/4  J  |0.  otherwise. 

source  encoding  intensity  transmittance 


rect 


then  the 
would  be 


S(x,)  =  sinc 


7t/4.V, 


'■/ 


(HI 


Since  S(x,l  is  a  bipolar  function, 
physically  realizable. 


therefore  it  is  not 


Temporal  Coherence  Requirement 


There  is.  however,  a  temporal  coherence  requirement 
foT  incoherent  source.  In  optical  information  process¬ 
ing  operation,  the  scale  of  the  Fourier  spectrum  varies 
with  wavelength  of  the  light  source.  Therefore,  a 
temporal  coherence  requirement  should  be  imposed  on 
every  processing  operation.  If  we  restrict  the  Fourier 
spectra,  due  to  wavelength  spread,  within  a  small 


fraction  of  the  fringe  spacing  d  of  a  complex  spatial 


filter  ie.g..  deblurring  filter),  then  we  have. 
P_  f  A  >. 


<d. 


(12) 


where  I  d  is  the  highest  spatial  frequency  of  the  filter. 
Pm  is  the  angular  spatial  frequency  limit  of  the  input 
object  transparency.  /  is  the  focal  length  of  the  trans¬ 
form  lens,  and  A/.  is  the  spectral  bandwidth  of  the  light 
source.  The  spectral  width  or  the  temporal  coherence 
reauirement  of  the  light  source  is.  therefore. 


A  A 

—  < 


( 1 3 1 


where  /.  is  the  center  wavelength  of  the  light  source.  21: t 
is  the  size  of  the  input  object  transparency,  and 
21: c  =  (/..?'  i  d. 

In  order  to  gain  some  feeling  of  magnitude,  we  provide 
a  numerical  examoie.  Let  us  assume  that  the  size  of  me 


IUUI 


68 


101 


Tabic  1  Source  spectral  requirement 
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1.09 

object  is  2/i(1  =  5  mm.  the  wavelength  of  the  light  source 
is  /.  =  546lA.  and  we  take  a  factor  10  for  (13)  for 
consideration,  that  is 


A/.= 


lOn/. 


(14| 


Several  values  of  spectral  width  requirement  A/. 
various  spatial  frequency  Pm  are  tabulated 
Table  1. 


for 

in 


From  Table  1.  we  see  that,  if  the  spatial  frequency  of 
the  input  object  transparency  is  low.  a  broader  spectral 
width  of  light  source  can  be  used.  In  other  words,  if 
higher  spatial  frequency  is  required  for  an  information 
processing  operation,  then  a  narrower  spectral  width 
of  licht  source  is  needed. 


Examples  of  Source  Encoding 


We  shall  now  illustrate  examples  of  source  encoding 
for  partially  coherent  processing  operations.  We  would 
first  consider  the  correlation  detection  operation 
[1-1- 

In  correlation  detection,  the  spatial  coherence  require¬ 
ment  is  determined  by  the  size  of  the  detecting  obiect 
(i.e..  signal).  To  insure  a  physically  realizable  encoded 
source  transmittance  function,  we  assume  a  spatial 
coherence  function  o\er  the  input  plane  P-  is 


J,  ( —  ix-  —  x  , 


f(;x;-  x  1 1 )  = 


'■0 


where  J,  is  a  first-order  Bessel!  function  of  first  kind, 
and  k0  is  the  size  of  the  detecting  signal.  A  sketch  of  the 
spatial  coherence  as  a  function  of  —  ,v;  is  shown  in 
Fig.  5a.  By  taking  tne  Fourier  transform  of  (15).  we 
obtain  the  following  source  encoding  inten.su>  trans¬ 
mittance  function. 


1 


/ 


St  ix .  1 1  =  cm-, 

t  " 

where  v.  =  t  f  k(  is  t 
as  shown  in  Fir  5a. 
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/  is  the  focal  length  of  the  collimating  lens  and  /.  is  the 
wavelength  of  the  extended  source.  As  a  numerical 
example,  we  assume  that  the  signal  size  is  li0  =  5  mm. 
the  wavelength  is  /.  =  5461  A.  focal  length  is 
/  =  300mrn.  then  the  diameter  w  of  the  source  encod¬ 
ing  aperture  should  be  about  32.8  pm  or  smaller. 

We  now  consider  smeared  image  debiurring  [  1 3] 
operation  as  our  second  example.  W'e  note  that  the 
smeared  image  debiurring  is  a  1  -  D  processing  oper¬ 
ation  and  the  inverse  filtering  is  a  point-by-point 
processing  concept  such  that  the  operation  is  taking 
place  on  the  smearing  length  of  the  blurred  object. 
Thus,  the  spatial  coherence  requirement  is  depending 
upon  the  smearing  length  of  the  blurred  object.  To 
obtain  a  physically  realizable  source  encoding  func¬ 
tion.  we  let  the  spatial  coherence  function  at  the  input 
piane  P.  be 


fd.v.  -  x',|i  =  sinc  - i.v-  -  x'.;  . 

Jx.  ‘ 


(Hi 


where  Jx-  is  the  smearing  length.  A  sketch  of  (l"t  is 
shown  in  Fig.  3b.  By  taking  the  Fourier  Transform  of 
(17).  we  obtain 


IX,  ! 


Six,  i  =  rect - — - 

1  W 


(18) 


where  "  =(//. i  iJx;i  is  the  sir.  width  of  the  source 
encodinc  aperture,  as  shown  in  Fic.  3b.  and 


[  u  j  10.  otherwise. 


For  a  numerical  illustration  if  the  smearing  length  is 
Jx-  =  1  mm.  the  wavelength  is  /  =  5461  A.  and  the  focal 
length  is  /  =  300rr.m.  then  the  sir.  width  »•.  should  be 
aoou:  163.5  urn  or  smaller. 

We  wouic  now  consider  image  subtraction  [14]  for 
our  third  illustration.  Since  the  image  subtraction  is  a 
1  -D  rrccessmc  operation  and  the  spatial  coherence 


Fig  ja-c.  Examples  ol spalial  coherence  requirements  and 
source  encodings  fri.\;-x,l  spanal  coherence  (unenon. 
Six, I  source  encoding  iransmmance]  (a l  For  corre¬ 
lation  detection.  Ihi  (or  smeared  image  debiurring.  and  ici 
(or  image  subtraction 


requirement  is  depending  upon  the  corresponding 
point-pair  of  the  images,  thus  a  strictly  broad  spatial 
coherence  function  is  not  required.  In  other  words,  if 
one  can  maintain  the  spatial  coherence  between  the 
corresponding  image  points  to  be  subtracted,  then  the 
subtraction  operation  can  take  place  at  the  output 
image  plane.  Therefore,  instead  of  utilizing  a  strictly 
broad  coherence  function  over  the  input  plane  P,.  we 
would  use  a  point-pair  spatial  coherence  function. 
Again,  to  insure  a  physically  realizable  source¬ 
encoding  transmittance,  we  would  let  the  point-pair 
spatial  coherence  function  be  [10] 

Hix-  -  x;n 


;.vjt 

sin  —lx-  —  x,  I 
Wu  •  - 


mv 

-  Sincl  T - ;  |x.  - 


.Vsinl-Hx^-x,! 

\k0 


/in  d 


■X,| 


(19) 


where  2k,.  is  the  main  separation  of  the  two  input 
objec:  transparencies  ai  plane  P;.  .V|>1  a  positive 
integer,  and  we  note  that  v.  <d.  Equation  1 19 1  repre¬ 
sents  a  sequence  of  narrow  puises  which  occur  at 
:x.-x-  =nk0.  where  r,  is  a  positive  integer,  anc  their 
peak  values  are  weighted  by  a  broader  sme  facto:.  2 s 
shown  in  Fig.  3c.  Thus,  we  see  that  a  high  degree  of 
spatial  coherence  is  maintained  a:  e'er}  pom:-pair 
between  the  two  input  object  transparencies.  By  taking 
the  Fourier  transformation  of  ( 1 9 1,  we  obtain  tne 
foliowinc  source  encocinc  imensitv  transmittance 


Si  x,ji=  ^  rect 


x.  —  nd'  I 


u 


1 20 1 


where  «  is  the  sir.  width,  and  d  =  i/./u;c,  is  the 
separation  between  the  slits.  It  is  clear  that  i20i 
represents  .V  number  of  narrow  slits  with  equal  spac¬ 
ing  d.  as  shown  m  Fig  3c.  As  a  numerical  example,  we 
iet  the  separation  of  the  input  objects  i:-  =  10  mm.  the 
wa'.e.enctn  /  = 1  A  the  focal  .en.r.h  of  tne  co'- 
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limator  /  =  300 mm.  then  the  spacing  d  between  the 
slits  is  16.4  pm.  The  slit  width  w  should  be  smaller  than 
d! 2,  or  about  1.5  pm.  If  the  size  of  the  encoding  mask  is 
2  mm  square,  then  the  number  of  slits  A'  is  about  122. 
Thus  we  see  that  with  the  source  encoding  it  is  possible 
to  increase  the  intensity  of  the  illumination  A’  fold,  and 
at  the  same  time  it  maintains  the  point-pair  spatial 
coherence  requirement  for  image  subtraction 
operation. 


Experimental  Results 

In  this  section,  we  would  illustrate  two  examples  as 
obtained  from  the  source  encoding  technique.  The  first 
experimental  illustration  is  the  result  obtained  for 
smeared  photographic  image  deblurring  with  encoded 
incoherent  source  as  shown  in  Fig.  4.  In  this  experi¬ 
ment  a  Xenon  arc  lamp  with  a  green  interference  filter 
was  used  as  extended  incoherent  source.  A  single  slit 
mask  of  about  100  pm  was  used  as  a  source  encoding 
mask.  The  smeared  length  of  the  burred  image  was 
about  1  mm. 

Figure  5  shows  an  experimental  result  obtained  from 
image  subtraction  operation  with  encoded  incoherent 
source.  In  this  experiment,  a  mercury  arc  lamp  with  a 
green  filter  was  used  as  an  extended  incoherent  source. 
A  multislit  mask  was  used  to  encode  the  light  source. 
The  slit  width  w  is  2.5  pm  and  the  spacing  between  slits 
was  25  pm.  The  overall  size  of  the  source  encoding 
mask  was  about  2.5  x  2.5  mm2.  The  mask  contains 
about  100  slits. 

From  these  experimental  results,  we  see  that  the 
constraint  of  strictly  broad  spatial  coherence  require¬ 
ment  may  be  alieviated  with  source  encoding  tech¬ 
niques  so  that  it  allows  the  optical  information  pro¬ 
cessing  operation  can  be  carried  out  with  extended 
incoherent  source. 


b 

Fig  4a  and  h  Photographic  image  deblurring  with  encoded  exten¬ 
ded  incoherent  source  lal  Input  blurred  object  and  (bi  deblurred 
image 

Conclusion 

We  have  derived  a  Fourier  transform  relationship 
between  the  spatial  coherence  function  and  the  source 
encoding  intensity  transmittance  function.  Since  the 
coherence  requirement  is  depending  upon  the  nature  of 
a  specific  information  processing  operation,  a  strict¬ 
ly  broad  coherence  requirement  max  not  be  needed 
in  practice.  The  basic  advantage  of  the  source  encoding 
technique  is  to  alleviate  the  constraints  of  the  strict 
coherence  requirement  imposed  upon  the  optical  infor¬ 
mation  processing  system,  so  that  the  information 
processing  can  be  carried  out  with  encoded  extended 
incoherent  source.  The  use  of  incoherent  source  to 
carry  out  the  optical  processing  operation  has  the 
advantage  of  suppressing  the  coherent  artifact  noise. 
In  addition,  the  incohereni  processing  system  is  usual¬ 
ly  simple  and  economical  to  operate.  Finally,  we  would 
stress  that  the  source  encoding  technique  may  be 
extended  to  white-light  optical  processing  operation,  a 
program  is  currently  under  investigation. 
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Broad  spectral  band  color  image  deblurring 

T.  H.  Chao,  S.  L.  Zhuang,  S.  Z.  Mao,  and  F.  T.  S.  Yu 


A  broadband  while- light  proci-.-vang  technique  for  Mtneiireil  color  photographic  image  del  (birring  is  described. 
The  Icchnitpic  utilizes  a  diffraction  grating  method  to  disperse  the  smeared  image  spectra  in  the  Fourier 
plane  so  that  the  entire  spectral  band  of  the  white-light  source  can  he  utilized  lor  the  deblurring,  lit  this 
paper  the  technique  of  synthesizing  a  fan-shape  type  complex  dehlurring  filter  to  accommodate  wavelength 
variation  is  presented.  Experimental  results  showed  that  this  broad  spectral  hand  processing  technique  of¬ 
fers  an  excellent  coherent  artifact  noise  suppression,  and  the  technique  is  particularly  suitable  for  color 
image  dehlurring.  Experimental  demonstrations  and  comparisons  with  the  narrowband  and  coherent  de¬ 
hlurring  are  also  provided. 


I.  Introduction 

Restoration  of  smeared  photographic  images  has  long 
been  an  interesting  and  important  application  in  optical 
processing.1-7  In  image  deblurring  much  of  the  effort 
has  been  devoted  to  applying  inverse  filtering  concepts 
to  the  image  restoration.  As  those  works  evolved,  two 
problems  are  still  of  intense  interest;  namely,  the  co¬ 
herent  artifact  reduction  and  color  image  deblurring. 
Although  Wiener  filters  had  been  applied  in  coherent 
processors  by  several  investigations'  for  noise  reduc¬ 
tion,  they  do  not  suppress  the  inherent  coherent  artifact 
noise  in  the  processing  system.  Recently,  Yang  and 
Leith"  proposed  a  spaiial  domain  deconvolution  tech¬ 
nique  for  image  dehlurring.  They  used  an  extended 
incoherent  line  source  for  dehlurring,  and  the  coherent 
noise  was  remarkably  reduced.  However,  their  tech¬ 
nique  is  only  suitable  for  processing  monochrome 
blurred  images.  In  previous  papers'*  10  we  presented 
a  white-light  processing  technique  for  linearly  smeared 
image  dehlurring.  We  have  shown  that  the  white-light 
image  dehlurring  technique  is  capable  of  eliminating  the 
coherent  artifact  noise  and  is  suitable  for  color  image 
dehlurring.  However,  the  results  that  we  obtained  were 
primarily  restricted  to  the  narrow  spectral  band  de¬ 
hlurring  concept. 

In  (his  paper  we  shall  extend  I  he  image  dehlurring 
technique  In  Ihr  entire  broad  spectral  I  mud  of  the 
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white-light  source.  To  obtain  the  broadband  de¬ 
hlurring  effect,  a  fan-shaped  spatial  filter  to  compensate 
the  scale  of  the  Fourier  spectra  should  be  utilized  at  the 
Fourier  plane.  The  technique  of  synthesizing  the 
fan-shaped  broadband  dehlurring  filter  is  given.  The 
coherence  requirements  for  the  white-light  image  de¬ 
hlurring  are  illustrated.  Experimental  demonstrations 
with  the  comparison  of  narrowband  deblurring  and 
coherent  technique  are  provided. 

II.  Broadband  Image  Deblurring 

We  shall  now  discuss  a  broadband  image  deblurring 
technique  utilizing  the  entire  spectral  hand  of  a  white- 
light  source.  Let  this  linear  smeared  image  be  given, 
i.e.. 


•Sl.t.v)  =  s(  1  ,\  I  •  reel  —  ■  ( I ) 

\wl 

where  s(x,y)  and  s(x,y)  are  the  smeared  and  unsmeared 
images, 


rect 


VC 

1.  |v|  <  —  ■ 

I'  «> 

* 

0.  otherwise. 


(2) 


and  IF  is  the  smeared  length. 

I  .el  us  insert  I  he  smeared  image  I  ransparency  of  Eq. 
(1)  into  the  input  plane  l\  of  a  white-light  optical  pro¬ 
cessor  as  shown  in  Fig.  1 .  The  complex  light  distribu¬ 
tion  for  every  wavelength  X  at  the  hack  focal  length  of 
the  transform  lens  would  he 


E(c*.8:\)  =  C  J.I  sijt.v.Xi  exp(iprvr) 


x  exp 


O  - 

I  —  tin 

\; 


axd\ 


(3» 


where  p <>  is  the  angular  spatial  I  requenev  of  the  phase 
grating,  a  =  \(Xf)/2~\p  and  3  =  |(.\/)  “2r]<?  represent  the 
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spatial  coordinate  system  of  Fourier  plane  /'2,  (/>.</)  is 
the  corresponding  angular  spatial  frequency  coordinate 
system,  f  is  the  local  length  of  the  aehromat  ie  transform 
lens,  and  C  is  an  appropriate  complex  constant.  Thus, 
Eq.  (3)  can  be  written  as 

x/ 


=  (.’£  I <v  -  - —  pu.li 

2  X 


(4) 


where 


S|(l  -  ( X//2  7T  )/>(,, (f)  =  S  l<* 


XA 

— /'o.r 

i'iir) 


.  ttIV  . 

sinr|— —  ff|  (M 


is  the  linear  smeared  image  spectrum. 

Since  scale  of  the  signal  spect  rum  is  proportional  to 
the  wavelength  ol  the  light  source,  the  corresponding 
signal  spectra  would  smear  into  a  fan-shaped  rainbow 
color  as  can  he  seen  from  Eq.  (5).  in  other  words,  the 
top  (i.e.,  the  wider  region)  of  the  smeared  spectra  is  in 
red  and  the  bottom  is  in  violet. 

Let  us  assume  that  a  fan-shaped  broad  spectral  band 
deblurring  filter  (i.e.,  a  broadband  inverse  filter)  to  ac¬ 
commodate  the  variation  of  the  scale  of  the  signal 
spectra  is  available.  This  fan-shaped  filter  is  described 
in  the  following  equation: 


H(a,0;\ )  =  6  a  -  ^  p0.dj  J  J*  jrect  exp  j-  i 


dy] 


X( 


i  rt  -  —po.d  sine 
2v 


X/ 


(6) 


In  image  deblurring  we  would  insert  this  deblurring 
filter  of  Eq.  (a)  in  the  spatial  frequency  plane  of  P2. 
The  complex  light  distribution  for  every  X  at  the  output 
image  plane  P.\  can  he  written  as 


g{x,y.\)  =  F- 


5  « 


X/ 


—  PdM 
2ir 


(7) 


Fip.  1.  White-light  processor  for  smeared  color  image  debltirrinp: 
/.  white-light  point  source;  Si  r.\  i.  smeared  color  image  transparency; 
7*(.r),  diffraction  grating;  l.\  and  achromatic  transform  lenses; 

broad  spectral  hand  deblvirnng  (die?. 


1440  APPLIED  OPTICS  /  Vol.  22.  No.  10  1  15  May  1983 


74 


200  600  tOOO 

Specif  of  BorKiwidir  A  V(i) 


lig.  J.  Pin  Is  uf  t  he  drhlurring  n  id!  I)  A  W  as  a  fund  ion  of  the*  spectral 
hand  width  of  the  light  source  A  A  for  various  values  n(  smeared  length 

IV. 


where  /•'  ’  denotes  the  inverse  Fourier  transform;  by 
substituting  Eqs.  (5)  and  (6)  into  Eq.  (7),  we  have 


p(x,y;Xt  =  s(x,yl  exp(ip<,x). 


(81 


which  is  independent  of  the  wavelength  of  the  light 
source.  The  resultant  output  intensity  distribution  can 
be  shown  as 


l{xy)  =  C  |£(x,.v;X)|2dX  5s  AX|s(x,y) 

•J  AA 


(9' 


which  is  proportional  to  the  entire  spectral  bandwidth 
AX  of  the  white-light  source.  Thus  we  see  that  this 
proposed  white-light  deblurring  technique  is  capable 
of  processing  the  information  with  the  entire  visible 
spectral  band,  and  it  is  very  suitable  for  the  application 
to  color-image  deblurring.  Since  the  integration  of  Eq. 
(9)  is  taken  from  the  entire  spectral  band  of  the  white- 
light  source,  the  coherent  artifact  noise  in  principle  can 
he  eliminated. 


III.  Coherence  Requirement 

Although  this  proposed  deblurring  technique  utilizes 
a  white-light  source,  the  processing  is  operated  in  a 
partially  coherent  mode.  It  is,  therefore,  our  aim  in  this 
section  to  discuss  the  basic  coherence  requirement  for 
this  proposed  color  image  deblurring  technique. 

In  a  previous  paper"  wo  obtained  the  coherence  re¬ 
quirements  for  a  partially  coherent  optical  processor. 
Several  of  those  fruitful  results  can  he  applied  to  our 
proposed  white-light  image  deblurring  system. 

We  shall  first  discuss  the  temporal  coherence  re¬ 
quirement  for  the  image  deblurring.  We  shall  use  the 
results  obtained  in  our  previous  article  as  shown  in  Fig. 
2.  This  figure  shows  ‘he  plots  of  the  spectral  width  AX 
requirement  of  the  light  source  (i.e.,  equivalent  to  the 
narrow  spectral  width  of  (lie  dehlurring  filler)  as  a 
function  of  dehlurred  length  (AIV)  lor  various  values 
of  smeared  length  U\  The  wavelength  spread  across 
a  narrow  spectra!  hand  filter  centered  at  wavelength 
X(,R-'J  is 


AX  =  Xf,(4Ap/pol.  Pc  »  -Xp. 


(101 


or 


iin 


Ap  _  AX 
/>•  4.V. 

where  A p  is  the  angular  spatial  frequency  limit  of  the 
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Tabic  I.  Temporal  Coherence  Requirement  lor  Xo  =  5461  A 

A />//>„  U.012  0.018  0.029  0.1)34  0  045 

A.\(Al  270  loo  CIO  7  Ml  990 

AM’/W  1/20  1/15  1/10  l/K  1/5 


0  02  0«  04  04  to  It  14 


asc 

*  Source  Site  as  t»«) 

Fip.  3.  Plots  of  the  deblurrinp  width  as  a  function  of  the  source  size 
for  various  values  of  the  smeared  length  VP. 


Table  II.  Eflect  of  Spatial  Coherence  Requirement 


AH’ 

\  /\u' 

\4s  mm\^ 

U  \ 

1/20 

1/15 

1/10 

1/5 

0.5  mm 

0.2 

0.38 

0.6 

0.92 

1  mm 

0.1 

0.18 

0.26 

0.40 

2  mm 

0.05 

0.08 

0.12 

0.18 

input  blurred  object  transparency,  and  p(,  is  the  angular 
spat ial  frequency  of  the  phase  grating.  The  temporal 
coherence  requirement  for  a  narrow  spectral  hand  de¬ 
blurring  filter  for  wavelength  5461  A  is  tabulated  in 
Table  1. 

Although  the  temporal  requirement  is  based  on  a 
narrow  spectral  band  analysis,  it  can  be  extended  to  a 
broad  spectral  band  operation.  For  example,  a  broad 
spectral  band  filter  (e.g..  fan-shaped  deblurring  filter) 
can  he  considered  as  a  summation  of  a  sequence  of 
narrowband  spatial  filters  of  various  wavelengths.  The 
deblurred  image  is  the  result  of  the  superposition  of  the 
mutually  incoherent  light  fields  derived  I  rum  the  nar¬ 
rowband  filters.  Thus,  the  temporal  coherence  re¬ 
quirement  shown  in  Table  I  can  also  be  applied  to  a 
broad  spectral  band  filtering.  As  an  example,  if 
( Ap  )/pu  -  0.012  and  I  be  sped  ral  bond  well  li  of  the  lijdit 
source  is  ttOOO  A.  the  broad  spectral  band  deblurring 
filter  is  approximately  equal  to  I  be  sum  of  eleven  narrow 
spectral  band  filters.  The  mean  spectral  bandwidth  A,\ 
of  those  fillers  is  270  A,  and  the  dohlurring  ral  in 
(AW)/W  is  1/20.  In  other  words,  it  is  possible  to  syn¬ 
thesize  a  fan-shaped  type  spatial  filter  to  compensate 
with  the  scale  variation  of  the  smeared  Fourier  spectra 
in  the  spatial  frequency  plane  so  that  the  dehlurnng 
takes  place  vviih  the  entire  spectral  hand  of  the  white- 
light  source.  Since  the  broadband  deblurrinc  utilizes 
the  whole  visible  spectrum  of  the  light  source,  it  is 
particularly  suitable  for  color  image  deblurring. 


We  shall  now  discuss  the  spatial  coherence  require¬ 
ment.  Since  the  deblurring  operation  acts  on  the 
smeared  length,  the  coherence  requirement  is  depen¬ 
dent  on  the  width  of  the  light  source.  Let  us  now  use 
the  plots  of  deblurring  width  as  a  I  unction  of  the  source 
size  as  shown  in  Fig.  .'t.  From  I  bis  I  igure  we  see  that  I  lie 
deblurring  eflect  (i.e..  AIT)  ceases  when  the  source 
width  A N  reaches  a  critical  width  AN.  We  shall  now 
summarize  the  results  of  the  spatial  coherence  re¬ 
quirement  in  Table  11.  From  this  table  we  see  that  the 
higher  the  degree  of  deblurring  (i.e..  smaller  AH'),  the 
more  critical  the  spatial  coherence  ti  c.,  smaller  the  AN) 
is  required.  It  is.  therefore,  one  of  the  prices  we  paid 
for  a  higher  degree  ol  deblurring. 

IV.  Broadband  Deblurring  Filter  Synthesis 

We  shall  now  briefly  describe  the  synthesis  of  a  fan¬ 
shaped  (i.e.,  broad  spectral  band)  deblurring  filter.  The 
synthesis  is  a  combination  of  an  absorptive-amplitude 
filter  and  a  phase  filter.  A  fan-shaped  phase  filter  is 
composed  of  several  slanted  bar-type  phase  objects  as 
illustrated  in  Fig.  4.  Each  phase  bar  would  give  rise  to 
specific  ir  phase  retardation  for  a  predescrihed  disper¬ 
sion  of  rainbow  color  wavelength.  We  note  that  the 
height  of  deblurring  filter  is,  of  course,  dependent  on  the 
grating  frequency  p o  at  the  input  plane.  The  period¬ 
icity  of  the  deblurred  filter  is  certainly  determined  by 
the  smeared  length  of  the  blurred  object,  and  the  width 
of  the  filter  defines  the  degree  of  deblurring.1-  In 
constructing  a  broad  spectral  band  phase  deblurring 
filter,  we  ul  iliz.e  a  vacuum  deposition  technique.  It  can 
he  accomplished  by  depositing  the  magnesium  fluoride 
(MgF-Aon  this  surface  of  an  optical  flat  glass  substrate. 
In  this  technique,  a  blocking  mask  of  a  lan-sbaped  bar 
pattern  as  shown  in  Fig.  4  is  used  for  the  vacuum  de¬ 
position.  The  MgF>  vapor  is  deposited  through  this 
blocking  mask,  together  with  a  linear  moving  covering 
plate,  from  top  to  bottom  as  illustrated  in  Fig.  4. 

The  thickness  of  t  he  deposited  coating  can  be  deter¬ 
mined  by  the  following  equation: 


2ll!  -  1 1 


Ool'CQl  f  10' 


f  tu  A  I'rtase  filter  m an k  fur  Mkl  ;  vapor  deposit n»n 
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where  n  is  the  refractive  index  of  the  coating  material. 
This  coating  thickness  is  linearly  proportional  to  the 
dispersion  of  the  illuminating  wavelength.  We  note 
that,  a  strictly  linear  control  of  coating  thicknesses  is 
very  essential.  The  advantage  of  this  phase  type  filter 
is  to  improve  the  transmission  efficiency,  since  the 
overall  deblurring  filler  is,  in  general,  highly  absorp¬ 
tive. 

In  principle,  it  is  a  straightforward  method  to  syn¬ 
thesize  a  fan-shaped  amplitude  filter.  The  synthesis 
can  be  accomplished  by  inserting  a  slit  aperture  of  a  slit 
width  equal  to  the  smeared  length  of  the  blurred  image 
at  the  input  plane  Pt  of  the  white-light  optical  processor 
shown  in  Fig.  1.  The  size  of  the  white-light  source 
should  be  adequately  small  under  the  spatial  coherence 
regime  to  obtain  a  smeared  sine  factor  (i.e.,  smeared 
Fourier  spect  ra  of  the  slit  apert  ure)  in  the  Fourier  plane. 
An  amplitude  filter  can  then  be  synthesized  by  simply 
recording  this  smeared  sine  factor  on  a  photographic 
plate.  If  the  film-gamma  of  the  recorded  plate  is  con¬ 
trolled  to  about  unity  (i.e.,  y  =  1),  the  amplitude 
transmittance  of  the  recorded  plate  is  equivalent  to  that 
of  the  desired  fan-shaped  amplitude  filter.  However, 
in  practice,  a  fan-shaped  type  amplitude  filter  is  not 
that  easy  to  synthesize  due  to  three  primary  reasons. 
First,  if  a  very  small  source  size  is  required  for  the  filter 
synthesis,  it  usually  takes  a  longer  exposure  time,  for 
example,  if  Kodak  649F  plate  (a  low-speed  film)  is  used. 
Second,  the  spectral  response  of  the  recording  plate  is 
generally  not  uniform  for  all  visible  wavelengths.  The 
recorded  filter  would  produce  uneven  transmittance  in 
the  direction  of  the  smeared  color  spectra.  The  effect 
of  the  transmittance  variation  of  the  filter  would  affect 
the  fidelity  of  color  reproduction  and  the  degree  of 
restoration.  Third.it  is  difficult  to  synthesize  a  side¬ 
band  amplitude  filler,  since  the  dynamic  range  of  the 
photographic  film  is  very  limited. 

There  is  an  alternative  technique  of  generating  a 
fan-shaped  amplitude  filter  with  coherent  illumination 
as  shown  in  Fig.  5.  The  purpose  of  using  a  curved-slit 
aperture  is  to  accommodate  the  scale  variation  of  the 
amplitude  filter.  The  expression  of  the  curved-slit 
aperture  can  be  written 

rf t x ,v';X >  =  reel  I - 1  X  lx  — —  />„)  .  (13) 

WtX„/xJ  \  2t  I 

where  Xn  is  the  wavelength  of  the  coherence  source,  VV 
is  the  smeared  length  of  the  blurred  image,  /  is  the  focal 
length  ol  the  cylindrical  transform  lens,  and  X  is  the 
wavelengl  h  of  t  he  while-light  source. 

The  corresponding  Fourier  transformation  of  the 
curved-slit  aperture  can  be  shown  as 

P(ii.itiX)  «  sinr  j^y-  rfj  •  '  (M) 

where  •  denotes  the  convolution  operation. 

It  i»  clear  now  t  hat  a  photographic  recording  of  the 
“pectrn  shown  in  Kq.  (14)  would  produce  a  desirable 
far.  draped  amplitude  filter  for  deblurring.  In  synthesis 
’  -  nmadhand  amplitude  filter,  a  He-Ne  laser,  with 

•  •  '  mg  ground  glass  to  reduce  the  artifact  noise,  is 
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l'’i|4- ,r>-  ( ioiMT.-iliim  n!  tun)  >1  it  title  l  iller  N  iihhwh  liromat  ic  plane  wave; 

CL ,  cylindrical  transform  lens. 

used  as  a  coherent  source.  Kodak  131  plate  is  used  for 
the  recording  plate,  and  a  6-min  developing  time  in  a 
POTA  developer  at  24°C  is  used  to  control  the  film 
gamma  to  about  unity.  The  spectral  wavelength  limits 
are  chosen  from  4000  to  7000  A.  Within  the  dynamic 
range  of  the  recording  film,  five  sidelobes  of  ~300-l 
dynamic  range  (or  a  density  range  of  2.5)  are  recorded 
with  good  accuracy.  The  fan-shaped  amplitude  filter 
obtained  is  tested  with  satisfactory  results. 

V.  Experimental  Results 

In  this  section  we  shall  provide  a  few  experimental 
results  of  image  deblurring  utilizing  a  broadband 
white-light  source.  In  our  experiments,  a  75-W  xenon 
arc  lamp  with  a  200-/rm  pinhole  is  used  as  a  broadband 
white-light  source.  A  phase  grating  of  130  lines/mm 
with  25*;;.  diffraction  efficiency  at  each  first-order  dif¬ 
fraction  is  used  at  the  input  plane.  An  // 8  transform 
lens  with  300-mm  focal  length  is  used  for  image  Fourier 
transformation. 

We  shall  first  demonstrate  the  effect  of  the  broad¬ 
band  deblurring  as  compared  with  the  narrowband  and 
the  result  obtained  with  coherent  source.  For  sim¬ 
plicity  of  illustrations,  we  use  a  set  of  linear  blurred  al¬ 
phabets  as  input  objects  as  shown  in  Fig.  6(a).  The 
smeared  length  is  ~0.a  mm.  Figure  0(b)  shows  the 
deblurred  image  obtained  with  this  broadband  de¬ 
blurring  technique,  and  the  spectral  bandwidth  is  — :t< MK) 
A  under  white-light  illumination.  Figure  6(c)  is  the 
result  obtained  with  a  narrow  spectral  band  deblurring 
filter  of  ~AX  =  100  A  centered  at  6328  A.  Figure  (ltd) 
is  I  he  deblurred  image  ol  it  .lined  wit  h  a  I  le  Ne  coherent 
source.  In  the  comparison  ol  these  results,  we  see  that 
I  he  results  obtained  wit  h  a  broad  sped  ral  hand  white- 
light  source  offers  a  higher  deblurred  image  quality;  lor 
example,  the  coherent  artifact  noise  is  substantially 
suppressed,  and  the  deblurred  image  appears  to  lie 
sharper  than  the  one  obtained  with  a  narrowband 
case. 

We  shall  now  experimentally  demonstrate  the  ca¬ 
pability  of  the  white-light  technique  for  color  images. 
Figure  7(a)  shows  a  black-and-white  color  blurred  image 
of  a  building  due  to  linear  motion  as  an  input  color 
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herent  source. 
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object.  From  this  figure  we  see  that  the  white  window 
(mint's,  the  front. doors,  bushes,  two  white  lieams,  trees, 
etc.  are  severely  smeared.  Figure  7(h)  shows  the  de- 
blurring  result  that  we  have  obtained  with  this  white- 
light  processing  technique.  From  this  figure,  we  have 
seen  that  the  color  reproduction  is  rather  faithful  and 
the  deblurred  effect  is  spectacularly  good;  for  example, 
the  window  frames,  I  hr1  bushes,  the  beams,  the  front 
doors,  the  trees,  etc.  can  be  clearly  identified. 

We  would  now  provide  another  more  striking  exam¬ 
ple  of  the  color  image  deblurring  with  this  white-light 
processing  technique.  Figure  8(a)  shows  a  black-and- 
white  linear-motion  blurred  picture  of  an  F-lfi  fighter 
plane.  The  body  of  Ibis  fighter  plane  is  painted  in 
hliie-aiul-while  colors,  the  wings  are  mostly  painted  red, 
the  tail  is  hlue-and-white,  and  the  ground  terrain  is 
generally  a  bluish  color.  From  this  figure  we  see  that 
the  letters  on  the  body  on  one  of  the  wings  and  on  this 
side  of  the  tail  are  smeared  beyond  recognition.  The 
details  of  the  missiles  at  the  tips  of  the  wings  are  lost. 
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Fip  7  Continuous-tone  color  imaee  deblurrinr  (a1  a  black-and- 
white  picture  of  a  smeared  color  photograph  of  a  building.  »bi  a 
black-and-white  picture  of  the  dehlurred  color  image 
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tmeared  t  i>jur  image  of  ar.  F  ]»'  tighter  plane.  <  b*  a  black-and-white 
picture  of  the  debiurreri  color  image 
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The  star  symbols  at  t  ho  tail  end  of  t  ho  body  and  on  t  ho 
top  of  (ho  wings  are  badly  distorted.  The  loal tiros  of 
ground  terrain  are  obscured.  Figure  8(b)  shows  the 
color  image  deblurring  result  that  we  have  obtained 
from  Fig.  8(a)  with  the  proposed  white-light  deblurring 
technique.  From  this  deblurrcd  result,  the  letters 
USAF  on  the  wing  and  YF-lfion  the  side  of  the  tail  can 
be  clearly  seen.  The  words  U.S.  AIR  FORCK  may  be 
recognized.  The  star  symbol  on  the  wing  can  be  clearly 
identified:  however,  the  one  on  the  body  is  rather  ob¬ 
scured.  Undoubtedly,  the  missiles  at  the  tips  of  the 
wings  can  be  seen,  and  the  pilot  in  the  cockpit  is  quite 
visible.  The  overall  shape  of  the  entire  airplane  is  more 
distinctive  than  the  blurred  one.  Moreover  the  river, 
the  highways,  and  the  forestry  of  the  ground  terrain  are 
tar  more  recognizable  in  tins  deblurrcd  image.  The 
color  reproduction  of  the  deblurred  image  is  spectacu¬ 
larly  faithful,  and  coherent  artifact  noise  is  virtually 
nonexistent.  There  is,  however,  some  degree  of  color 
deviation  inherently  existing  in  the  deblurred  image. 
These  are  primarily  due  to  chromatic  aberration  and  the 
antireflectance  coating  of  the  transform  lenses.  Nev¬ 
ertheless,  these  two  drawbacks  can  be  overcome  by 
utilizing  good-quality  achromatic  transform  lenses.  A 
research  program  is  currently  underway  to  investigate 
this  effect.  Further  improvement  of  the  deblurring  can 
also  be  accomplished  by  utilizing  a  blazed  grating  for 
high  diffraction  efficiency  and  a  broader  spatial  band¬ 
width  of  the  deblurred  filter  for  a  higher  degree  of  de¬ 
blurring.  These  two  problems  are  also  under  current 
research. 


VI.  Summary 

We  have  shown  a  broadband  color  image  deblurring 
technique  utilizing  a  white-light  source.  This  broad 
spatial  band  deblurring  technique  utilized  a  grating  base 
method  to  obtain  a  dispersed  smeared  image  spectra  in 
the  Fourier  plane  so  that  the  deblurring  operation  can 
be  taken  placed  in  complex  amplitude  for  the  entire 
visible  wavelengths.  To  perform  this  complex  ampli¬ 
tude  deblurring  for  the  entire  spectral  band  of  the  light 
source,  we  have  shown  that  a  fan-type  deblurring  filler 
to  compensate  the  scale  variat  ion  of  the  smeared  signal 
spectra  due  to  wavelength  dispersion  can  be  utilized. 
To  alleviate  the  love  transmission  efficiency  of  the  de¬ 
blurring  l  ilter.  we  svnl hesized  t  he  deblurring  filler  wit  h 
llie  combination  of  a  broadband  pha'-e  filler  and  a 
fan-shaped  amplitude  filler.  The  broad  spectral  band 


phase  filter  is  synthesized  bv  optical  coaling  techniques, 
while  the  Ian  shaped  amplitude  filler  is  obtained  by  a 
1-1)  coherent  processing  technique. 

By  comparison  of  the  results  obtained  by  the  broad¬ 
band  image  deblurring  with  the  narrow  spectral  band 
and  coherent  techniques,  we  have  seen  that  t  he  results 
obtained  by  the  broadband  deblurring  offer  a  higher 
image  quality.  We  have  also  shown  that  the  broadband 
deblurring  technique  is  very  suitable  for  color  image 
deblurring.  We  have  provided  several  color  image  de¬ 
blurring  results  obtained  by  the  broadband  deblurring 
technique.  From  these  color  deblurred  images  we  have 
seen  that  the  fidelity  of  the  color  reproduction  is  verv 
high  and  the  quality  of  deblurrcd  image  is  rat  hot  good. 
Although  there  is  some  degree  of  color  blur  due  to 
chromat  ic  nberrnl  ion  of  I  he  t  ransform  lenses,  it  can  be 
eliminated  by  utilizing  higher-quality  achromatic 
transform  lenses. 

Further  improvements  of  the  deblurring  can  also  be 
obtained  by  utilizing  a  blazed  grating  to  achieve  a  higher 
smeared  spectral  diffraction  efficiency  so  that  a  wider 
spatial  band  deblurring  filter  can  he  used  to  achieve  a 
higher  degree  of  deblurring.  Finally,  we  would  like  to 
point  out  that  the  utilization  of  higher-quality  achro¬ 
matic  transform  lenses  and  a  blazed  grating  for  the 
broadband  image  deblurring  technique  is  currently 
under  investigation. 

We  acknowledge  the  support  of  the  U.S.  Air  Force 
Office  of  Scientific  Research  grant  AFOSR -81-0148. 
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Soustraction  d’images  en  couleur 
utiiisant  des  sources  etendues  incoherentes 

SUMMARY  :  A  technique  of  color  image  subtraction  with  encoded 
extended  incoherent  sources  is  presented.  The  objective  of  the  source 
encoding  is  to  obtain  a  reduced  coherence  requirement  for  the  image 
subtraction  so  that  the  inherent  difficulty  of  obtaining  an  incoherent 
point  source  can  be  alleviated.  Experimental  results  for  the  color 
image  subtraction  obtained  with  the  incoherent  processing  techni¬ 
que  are  given.  Since  most  images  are  multi-colored,  this  color  image 
subtraction  technique  may  offer  a  broad  range  of  applications. 


RESUME  :  Nous  presentons  une  methode  de  soustraction  d  images 
en  couleur  utiiisant  des  sources  incoherentes  codecs.  Le  but  du 
codage  est  d'obtemr  la  coherence  necessaire  pour  noire  experience 
avec  une  source  relativement  grande.  Nous  donnons  des  resultats 
experimentaux.  La  plupart  des  images  etant  des  images  en  couleur, 
ceite  technique  de  soustraction  peut  avoir  des  applications  diverses. 


I.  —  INTRODUCTION 

One  of  the  most  interesting  segments  of  optica! 
information  processing  must  be  the  image  subtrac¬ 
tion.  The  applications  may  be  of  value  in  earth  resource 
studies,  urban  development,  highway  planning,  land 
use.  surveillance,  automatic  tracking,  and  many 
others.  The  image  subtraction  may  also  be  applied 
to  video  communications  as  a  means  of  bandwidth 
compression.  For  example  it  is  only  necessary  to 
transmit  the  differences  between  the  two  images 
in  successive  cycles,  rather  than  the  entire  image  in 
each  cycie. 

There  are  several  techniques  available  for  image 
subtraction  which  can  be  found  in  a  review  paper  by 
Ebersoie  [1].  However  most  of  the  optical  image 
subtraction  techniques  have  relied  on  a  coherent 
source  to  carry  out  the  subtraction  operation  But  a 
coherent  optical  processing  system  is  plagued  wuh 
coherent  noise,  which  frequently  limits  its  processing 
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We  have  in  a  recent  paper  [2]  demonstrated  a 
technique  of  image  subtraction  utilizing  an  extended 
incoherent  source.  Since  the  image  subtraction  is  a 
one-dimensional  processing  operation  and  the  spa¬ 
tial  coherence  requirement  for  the  subtraction  ope¬ 
ration  is  a  point-pair  coherence  requirement,  it  is. 
therefore,  possible  to  encode  an  extended  source  to 
obtain  the  required  spatial  coherence.  In  a  previous 
paper  [3]  we  have  shown  a  Fourier  transform  rela¬ 
tionship  between  the  spatial  coherence  and  source 
intensity  distribution.  In  principle,  it  is  possible  to 
encode  an  extended  source  to  obtain  an  appropriate 
spatial  coherence  for  specific  information  processing 
operations. 

Strictly  speaking,  all  images  in  the  visible  wave¬ 
lengths.  which  includes  the  black-and-white  images, 
are  color  images  Therefore  it  is  of  interest  for  us. 
m  this  paper,  to  extend  this  incoherent  processing 
technique  for  coior  image  subtraction. 

II.  —  COLOR  IMAGE  SUBTRACTION 

wf  wii;  nou  describe  a  color  image  subtraction 
operation  with  ar.  encoded  extenced  incoherent 
source,  as  cenicted  ;r.  f  Fc:  simrlici”.  two 
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Fig.  1 .  —  Color  Image  Subtraction  with  Encoded  Extended  Incoherent  Sources.  BS :  Beam  Spltter,  MS :  Source  Encoding  Mask,  L  :  Achromatic 

Transform  Lens ,  C ;  Diffraction  Gratings. 


incoherent  light  sources,  each  for  a  different  color  of 
light  (i.e.,  red  and  green),  are  used  for  the  subtraction 
operation.  For  the  detailed  analysis  of  image  sub¬ 
traction  with  an  encoded  extended  source  we  refer 
the  reader  to  our  previous  paper  [2], 

In  color  image  subtraction,  we  insen  the  color 
image  transparencies  0,(x,  y)  and  02(x,  y)  in  the 
open  apertures  of  the  input  plane  P2,  which  can  be 
described  as 

(1)  / U,yj  =  Oj(x  -  k0.  y)  -  02(x  -  h0,  y) , 

where  2  h0  is  the  separation  between  the  two  input 
transparencies  0:  and  0:.  Two  sinusoidal  gratings 
G;  and  G;  designed  for  the  red  and  the  green  color 
wavelengths  respectively  are  inserted  in  the  spatial 
frequency  plane  P3,  and  can  be  written  as 

.  (-)  0,  =  l  [1  -  sin  (h0  pri]  . 

and 

(3)  G;  =  ^  [1  -  sin  (k0pfj]  . 


where  Ir(x,  y)  and  7/x,  y)  denote  the  red  and  green 
subtracted  color  image  irradiances,  02r,  Oit 
and  02,  are  the  corresponding  red  and  green  color 
input  objects.  From  Eq.  (4)  we  see  that  the  subtract¬ 
ed  color  image  can  be  obtained  at  the  output  image 
plane.  Since  the  color  image  subtraction  is  obtained 
with  extended  incoherent  sources,  the  coherent  arti¬ 
fact  noise  can  be  suppressed. 

in. —  SOURCE  ENCODING 
FOR  IMAGE  SUBTRACTION 

We  would  now  consider  a  source  encoding  technique 
for  image  subtraction.  As  we  have  pointed  out  earner, 
the  image  subtraction  is  a  1  -  D  processing  opera¬ 
tion  and  the  spatial  coherence  requirement  is  depen¬ 
dent  upon  corresponding  image  points  to  be  subtract¬ 
ed.  Therefore,  instead  of  utilizing  a  strictly  broad  spa¬ 
tial  coherence  function,  a  point-pah  spatial  coherence 
is  sufficient.  To  insure  a  physically  realizable  source 
intensity  distribution,  we  let  the  point-pair  spatial 
coherence  be  [2.  3] 
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where  p,  =  (2  r.x)  (/.r  f )  and  p(  =  (2  r.x)  (/.ff)  are 
the  spatial  frequencies  of  the  gratings.  7.r  and  7.f  are 
the  red  and  green  color  wavelengths,  a  denotes  the 
spatial  coordinate  in  the  same  direction  as  p.  and  /  is 
the  focal  iengm  of  the  achromatic  transform  iens  L;. 
By  a  straight-forward  but  rather  cumbersome  eva¬ 
luation.  the  irraciance  around  the  origin  of  the  output 
imaee  plane  ?■  car.  be  shown  111. 
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wr.ere  _  r.t  is  tne  separaticr.  oetv  eer.  tne  image  points. 
V  ?>  1  a  positive  integer,  arc  v  <5  a  Tne  f.rs:  fact  : 
of  Eq.  (5 1  represents  a  sequence  of  narrow  mdses 
present  at  esers  a  —  a  r.f.  .  where  r.  is  a  positive 
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integer,  and  the  peak  values  of  the  pulses  are  weighted 
by  a  broader  sine  factor,  as  shown  in  figure  2(a). 
From  this  figure,  we  see  that  there  exists  a  high  degree 
of  spatial  coherence  between  ever)’  point-pair  of  the 
two  input  objects  0]  and  02.  By  taking  the  Fourier 
transformation  of  Eq.  (5),  we  obtain  the  following 
intensity  distribution  |3] 


=  V  rect 


x  —  nd  I 


where  *»•  is  the  slit  width,  d  =  (/.  /)//i0  is  the  separation 
between  the  slits  of  the  source  coding  apertures,  /. 
is  the  wavelength  of  the  iigm  source,  and  J  is  the  local 
length  of  the  collimating  lens.  Thus  the  intensity 
distribution  of  Eq.  (6)  represents  N  number  of  narrow 
slit  apertures  with  equal  spacing  d,  as  shown  in 
figure  2(b).  From  this  result,  it  is  possible  to  encode 
an  extended  source  to  obtain  a  spatial  coherence  func¬ 
tion  at  the  input  plane  for  the  subtraction  operation. 


ru,-*',  i 
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spatial  frequency  requirement  is  high,  then  a  narrow 
spectral  width  of  the  light  source  is  required. 

IV.  —  EXPERIMENTAL  DEMONSTRATION 

Strictly  speaking,  light  sources  emitting  all  primary 
colors  ( i.e ..  red,  green,  and  blue)  should  be  used  for 
the  color  images  subtraction.  For  simplicity  of  expe¬ 
rimental  demonstration,  a  mercury  arc  lamp  with  a 
green  filter  (5  461  A)  and  a  zirconium  arc  lamp  with 
a  red  filter  (6  328  A)  were  used  for  the  color  light 
sources.  The  intensity  ratio  of  the  two  resulting  light 
sources  was  adjusted  to  about  unity  with  a  variable 
beam  splitter. 

The  slit  widths  for  the  source  encoding  masks  were 
about  2.5  g  and  the  spacings  of  the  slits  were  25  g 
for  the  green  wavelength  and  29  g  for  the  red  wave¬ 
length.  The  overall  size  of  the  source  encoding  masks 
was  about  3  x  3  mm2  which  contained  about  120 
and  100  slits  respectively.  The  focal  length  of  the 
transform  lenses  was  300  mm.  A  liquid  gate  containing 
two  color  image  transparencies  about  6x8  mm* 
each  and  with  a  separation  of  about  13.2  mm  was 
placed  behind  the  collimator.  Two  sinusoidal  gratings 
with  spatial  frequencies  of  1/(25  g)  and  1/(29  g)  were 
used  for  the  green  and  red  color  image  subtraction 
operation,  as  shown  in  figure  1. 

In  our  first  experimental  demonstration,  we  provide 
in  figures  3(a)  and  3(b)  two  sets  of  different  colored 
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English  words  as  input  objects.  Figure  3(c)  shows 
the  subtracted  color  image  obtained  with  the  color 
subtraction  technique.  The  input  words  STATE 
L'NIV.  are  red  and  green  respectively  in  one  set  but 
they  are  green  and  red  respectively  in  the  other  set 
.while  in  the  subtracted  image,  as  shown  in  figure  3(c) , 
both  words  are  in  yellow  color,  which  is  consistent 
with  the  result  we  expected.  In  other  words,  the  sub¬ 
tracted  image  of  red  and  green  produces  yellow  color 
since  the  red  and  green  wavelengths  are  incoherent 
and  therefore  add  incoherently  to  produce  a  yellow 
color. 

For  a  second  demonstration,  we  provide  two  conti¬ 
nuous  tone  color  images  of  two  sets  of  fruit,  as  shown 
in  figures  4(a)  and  4(b).  By  comparing  these  two 
figures,  we  see  that  a  dark  green  cucumber  and  a  red 
tomato  are  missing  in  figure  4(b).  Figure  4(c)  shows 


the  profiles  of  a  cucumber  and  a  tomato  can  be  seen 
at  the  output  image  plane. 

For  the  final  demonstration,  we  again  provide 
two  continuous  tone  color  images  of  a  parking  lot  as 
input  color  object  transparencies,  as  shown  in 
figures  5(a)  and  5(b).  From  these  input  transparen¬ 
cies.  we  see  that  a  red  color  passenger  car  shown  in 
the  parking  lot  in  figure  5(a)  is  missing  in  .figure  5(b). 
Figure  5(c)  is  the  color  subtracted  image  obtained 
from  the  incoherem  color  image  subtraction  techni¬ 
que  as  previously  described.  In  this  figure,  a  red 
passenger  car  can  clearly  be  seen  at  the  output  image 
plane,  lt.is  also  interesting  to  point  out  that  the  parking 
line  (in  yellow  color)  on  the  right  side  of  the  red  car 
can  readily  be  seen  with  the  subtracted  image. 
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!  V.  —  CONCLUSION 
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We  have  introduced  a  color  image  subtraction 
technique  with  encoded  incoherent  sources.  The 
basic  advantage  of  source  encoding  is  to  increase 
the  available  light  power  for  the  image  subtraction 
operation,  so  that  the  inherent  difficulty  of  obtaining 
incoherent  point  sources  can  be  alleviated.  Since  the 
technique  uses  incoherent  sources,  the  annoying 
coherent  artifact  noise  can  be  suppressed.  We  would 
see  that  the  concept  of  color  image  subtraction  may 
also  be  extended  to  the  use  of  white-light  source,  for 
which  a  program  is  currently  under  investigation.  In 
experimental  demonstrations,  we  have  shown  that 
color  subtracted  images  can  be  easily  obtained  by  this 


incoherent  subtraction  technique.  Since  virtually  all 
images  of  natural  objects  are  color,  the  technique  may 
offer  a  wide  range  of  practical  applications. 
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Rainbow  holographic  aberrations  and  the  bandwidth 
requirements 


Y.  W.  Zhang,  W.  G.  Zhu,  and  F.  T.  S.  Yu 


Rainbow  holographic  image  resolution,  primary  aberrations,  and  bandwidth  requirements  are  presented. 
The  results  obtained  for  the  rainbow  holographic  process  are  rather  general,  for  which  the  conventional  holo¬ 
graphic  image  resolution,  aberrations,  and  bandwidth  requirements,  can  be  derived.  The  conditions  for  the 
elimination  of  the  five  primary  rainbow  holographic  aberrations  are  also  given.  These  conditions  may  be 
useful  for  the  application  of  obtaining  a  high-quality  rainbow  hologram  image.  In  terms  of  bandwidth  re¬ 
quirements.  we  have  shown  that  the  bandwidth  requirement  for  a  rainbow  holographic  construction  is  usually 
several  orders  lower  than  that  of  a  conventional  holographic  process.  Therefore,  a  lower-resolution  record¬ 
ing  medium  can  generally  be  used  for  most  of  the  rainbow  holographic  constructions. 


I.  Introduction 

The  rainbow  holographic  process  of  Benton1  involves 
two  recording  steps.  First,  a  primary’  hologram  is  made 
from  a  real  object  with  the  conventional  off-axis  holo¬ 
graphic  techniques,  and  second,  the  rainbow  hologram 
is  recorded  from  the  real  hologram  image  from  the  pri¬ 
mary  hologram.  The  relaxation  of  the  coherence  re¬ 
quirement  on  the  reconstructing  process  arises  from  the 
placement  of  a  narrow  slit  behind  the  primary  hologram 
in  the  second-step  holographic  recording.  However,  the 
two-step  holographic  recording  process  is  cumbersome 
and  requires  a  separate  optical  setup  for  each  step.  It 
is  usually  a  major  undertaking  for  laboratories  with 
limited  optical  components.  An  alternative  method  of 
obtaining  a  rainbow  hologram  is  the  one-step  process 
of  Chen  et  al.-~b  They  had  shown  that  the  one-step 
technique  offers  certain  Flexibilities,  and  the  optical 
arrangement  is  simpler  than  the  conventional  two-step 
process.  We  also  note  that  the  color  blur  of  the  Benton 
type  rainbow  hologram  has  been  subsequently  analyzed 
by  W  yarn.6  Chen.'  and  Tamura.6  Recently.  Zhuang  et 
al-  investigated  the  image  resolution  and  color  blur  for 
a  one-step  rainbow  holographic  process  utilizing  dif¬ 
fraction  optics. 

In  this  paper,  we  shall  evaluate  the  primary  aberra¬ 
tions  and  bandwidth  requirement  for  a  rainbow  holo¬ 
graphic  process.  The  correlations  for  the  elimination 
of  the  rainbow  holographic  aberrations  are  presented. 


Tnt  £jtnof‘  are  vim  Pennsvivanie  Stale  t  niver*:!-.  Eier.rica 
Engineering  Department  1  mversir.  Ear,  ’’ennay ivama  . 


Since  the  effective  aperture  of  a  rainbow  hologram 
is  generally  smaller  than  that  of  a  conventional  holo¬ 
gram,  the  spatial  bandwidth  requirement  is  generally 
somewhat  lower  for  the  rainbow  holographic  process. 
Therefore,  it  is  usually  possible  to  construct  a  rainbow 
hologram  utilizing  a  lower-resolution  film. 

It.  Rainbow  Holographic  Resolution 

In  a  recent  paper,6  the  resolution  limit  and  color  blur 
of  a  rainbow  hologram  were  analyzed  from  diffraction 
optics.  However,  in  practice,  the  slit  used  in  a  rainbow 
holographic  process  is  many  orders  larger  than  the  light 
wavelength.  Therefore,  the  rainbow  holographic  pro¬ 
cess  can  also  be  approached  from  slightly  different 
configurations  as  depicted  in  Fig.  1.  For  simplicity, 
both  the  recording  and  the  reconstruction  processes  are 
drawn  in  a  composite  diagram,  where  H  j  represents  the 
primary-  hologram  which  is  in  contact  with  a  narrow-slit 
aperture  SL.  Ho  represents  the  constructing  rainbow 
hologram,  Ouo,.vo>  is  the  object  image  point.  7(xi,y,  )  is 
the  rainbow  hologram  image  point,  and  Rtxr,\r)  and 
Cu„yc  i  are  the  reference  and  the  reconstruction  point 
sources,  respectively.  We  note  that  if  0  and  SL  rep¬ 
resent  the  object  and  slit  images  due  to  an  imaging  lens, 
the  same  diagram  of  Fig.  1  can  also  be  used  for  the 
analysis  of  a  one-step  rainbow  holographic  process. 

With  reference  to  Fig.  1.  it  is  evident  that  the  coor¬ 
dinate  points  Pi;  and  Pi;  are  the  marginal  extensions 
of  tne  rainbow  holographic  recording  region,  which  can 
be  written  as 


nt’Ct’ivec  ->  .*vjaus: 
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Thus,  the  complex  light-amplitude  distribution  due 
to  the  object  image  point  0  at  the  rainbow  holographic 
recording  plate  H  2  is 


U){x\h j)  »  A]  exp\-iki\d2  +  (x  -  jco>2]1/21. 


0 

'AT 


and  the  corresponding  complex  light  distribution  due 
to  the  reference  and  reconstructing  (called  illuminating) 
beams  are 


U}(x;k j)  «  A2  exp|-i*i|Lf  +  (x  -  x,)2]1/2|, 


bVx;*2>  -  Aa  exp|-/*2|tj  +  (x  -  xt)2]1/2|, 


respectively,  where  the  spatial  impulse  response  is 


h/(o  -  x;*2)  ■  At  exp|//!2|/2  +  (a  -  x)2]1/2|,  (6) 

Ai  is  a  complex  constant,  k  =  2tr/A,  and  Ai  and  X2  are 
the  wavelengths  for  the  rainbow  hologram  construction 
and  the  reconstructing  processing,  respectively. 

The  corresponding  complex  light  field  of  the  rainbow 
hologram  image  point  1  is 


B,(<r>2)  “  Ci 


{  C'i  C’i'f  'i/i/dx  *  C2  sine  - in  +  «,  )  ,  (7) 

'  Pn 


Fig.  1.  A  composite  rainbow  holographic  construction  and  recon¬ 
struction  process  for  the  evaluation  of  the  hologram  image  resolution 
and  the  primary  aberrations:  H\,  primary  hologram;  SL.  slit  aper¬ 
ture;  M\  slit  width;  Hi,  rainbow  holographic  plate;  0,  object  image 
point;  I,  rainbow  hologram  image  point;  R,  convergent  reference  point 
source;  C,  while-light  reconstruction  point  source. 


where 


\Ad  +  .<? ) 


nL  \L>2  +  dL\  —  ndL* 
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d  L2  lJ 


Ui,a,)  identifies  the  position  of  the  rainbow  hologram 
image  point  1,  and  n  -  X2/Xj. 

The  magnification  of  the  hologram  image  can  then 
be  written  as 


We  note  that  these  results  are  identical  to  the  results  we 
obtained  previously  by  Zhuang  et  al. 10  It  is  evident 
that  this  partial  geometries  approach  simplifies  the 
rainbow  holographic  analysis. 
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III.  Rainbow  Holographic  Aberrations 

In  evaluating  the  rainbow  holographic  aberration,  we 
expand  the  exponent  of  Eq.  (7)  in  binomial  expansion 
such  as 


and  the  resolution  limit  of  the  rainbow  holographic 
process  is 


crfx.fc!  “  fc|L2  +  (x  -  a  I2]1 


o'2  (x  -  a)4 


x='T"d 


Ao  L)L?(d  + 
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where  W  is  the  slit  width.  If  both  the  reference  and  the 
reconstruction  beams  are  plane  waves,  the  resolution 
limit  becomes 


Thus,  by  retaining  the  first  three  terms  of  Eq.  (13).  the 
third-order  primary  aberrations  of  a  rainbow  hole- 
graphic  process  can  be  obtained. 

To  evaluate  the  third-order  primary  aberrations,  the 
phase  factor  of  the  real  rainbow  hologram  image  can  be 
written  as 
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With  reference  to  the  binomial  expansion  of  Eq.  <13*. 
Eq.  (14i  can  be  written  as  a  configuration  of  the  order 


terms,  i.e.. 


where  c, .  cr.  and  o.  are  the  first-,  second-,  anc 
nigner-oraer  terms,  which  shall  be  ignored  m  our  e\  a- 
uatior.  Tne  third-order  term,  c  : .  is  written  as 
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Name 


Spherical 
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Distortion 


D  «  i  v-’  -  —  v3  +  —  -  — 

'  t?-'  d»>#  /;■  ti 


,  X-  x,  >.  >r 

ii  «  1,  -  K  -  -  K  - 

t,  L;  Li  Lj 


By  substituting  the  relation  of  x  =  r  cosfl  and  v  =  r  sinf* 
into  Eq.  (16).  the  third -order  phase  factor  can  be  shown 
as 


a,  •  4- - 5  -*•  —  ( C,  cos^  .»  C,  sinf* > - F 

6  2  -J 


- i.4,  cos3*  -  2.4,,  sin*1  cos*  -  .4  5ir.J 


It  ic3  t *;  I;  .';/  2  j v c - 

(> .  ,  u  u  \ 


•*  -  \.ut  cus*  *  sin*  1 1 


5  0 .  ,  ii  4*  *•  r  5.1  , 


•  1  u 
4  [C: 


■  ..  *  |  *•  **  * '  *■*  , 

—  1  a  -  Z  •  •  '  •  —  7  |  - —  I  cos  * 

• .  J  -  1 1C  '  ;  a-  ;  •  .*  I 


4*  4»  •-  ^  4* 

v C  *  1  '  *  tC*  C 


- 4f;>f - 0.  J, ,  s:n*  co*"i  -* 


where  5  represents  the  spherical  aberrations.  C,  and 
C,  represent  the  meridian  and  tangential  coma. .  .-M, . 
and  A,  are  the  astigmatisms.  F  is  the  curvature  of  fieic. 
and  D.  anc  £■  are  the  horizontti  anc  vertical  distor¬ 
tions.  By  comoaring  this  equatun  with  Eq.  1 1 T  ■ .  the 
equations  for  the  five  primary  rainbow  holographic 
aberrations  can  be  obtained  as  tabulated  in  Table  I. 

In  this  table,  the  conditions  for  tne  elimination  of  tine 
primary  aoerrations  are  giver..  It  is  evident  that  all  the 
primary  aberrations  car.  oe  eliminated  if  both  the  ref¬ 
erence  and  the  reconstruction  Deams  are  plane  waves 
anc  u  -  1.  It  is  interesting  to  note  tnat.  i:  tne  srt  width 
W  is  ecus:  to  the  size  0:  the  primary  hoiograrr..  by  let¬ 
ting  5  =  0.  tne  primary  aberrations  reduce  tc  the  cor.- 
ver-tional  <>f: -axis  hoiograpnic  aoerrations  as  obtained 
ro  Meier 
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affected  by  the  wavelength  spread  AX2  during  the  re¬ 
construction  process.  We  note  that  this  wavelength 
spread  AX2  is  limited  by  observer  eye  through  the  slit 
image.  Thus,  the  effect  of  aberration  variation  due  to 
AX2  can  be  determined  as  shown  in  the  following,  for 
simplicity  as  a  1-D  notation: 


From  Eq.  (21)  we  see  that  the  variation  of  the  astig¬ 
matism  is  identical  to  that  of  the  variation  of  curvature 
of  field.  In  ending  this  section,  we  point  out  that  the 
above  equations  have  useful  applications  for  evaluating 
the  rainbow  hologram  image  quality. 
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IV.  Bandwidth  Requirements 

Since  the  effective  aperture  of  a  rainbow  hologram 
is  generally  smaller  than  that  of  a  conventional  non- 
gram,  it  is  possible  that  a  lower-resolution  film  car.  t-e 
utilized.  Therefore,  it  is  our  aim  in  this  section  to  c.-- 
cuss  the  bandwidth  requirements  of  a  rainbow  nr.,, 
graphic  process. 

We  shall  investigate  for  the  case  in  which  the  sir  a:  ;• 
the  object  image  are  located  at  opposite  sme-  t  • 
rainbow  holographic  plots  n:  as  sncvr.  in  F._  .  v  :  •  •• 
0;  and  02  are  the  two  external  point-  .  .  ,,r  •  ••  •  • 
object  image  r  -constructed  from  a  prim.-'  •  .  •  ■ 

H Thus,  from  Fig.  :  .  we  see  tr.at 


Fig.  g.  A  composite  rainbow  hoioprapnic  construction  ate  recur 
strucuon  process  tor  oetermininp  tne  Danavndtr.  reauiremen-.s  H . 
primary  noiopram:  Si.  slit  aperture.  U  .  slit  uictr..  H .  ra:nr<"V  r. 
lographic  piate:  0 .-0 extended  noiopram  otue-  irr.art  :.  <  -  .»■ 


Per.:  reterer.ee  pr.r.t  source 
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Similar  to  what  we  did  in  previous  sections,  the 
complex  light  fields  U j,  U 2.  and  (7a  due  to  the  object 
image  points  0 1  and  0 2  and  the  reference  beam  R  can 
be  formulated.  The  terms  contributing  to  the  rainbow 
holographic  reconstruction  process  are 


U\U'3  +  U3U\  *  2 1 /t  1 1 1^3!  cosjfci 
'  (x  -  x. 


r  -  x,vn 

2 I,  1 


+  #1 


t/’jL’J  +  b’xL'j  «  2 1 2!  I^3|  cos  j^i 
(x  -  x 
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Li  -  d  — 


<r  ~  J()i>2 
2d 


(24) 


(X  -  Xp;)2 
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+  (/• 


(25) 


where  Ai,  A  2,  and  A3  are  the  complex  constants,  and  6 1 
and  fi 2  are  the  constant  phase  factors.  The  phase  shifts 
due  to  the  l/j,  0’2,  and  (.’3  are 
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respectively. 

The  derivatives  of  031  and  032  represent  the  angular 
spatial  frequency  along  the  x  direction.  Thus,  the 
corresponding  linear  spatial  frequencies  are 


1‘31 
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1  d*  31 

2r  ax 

1  dtS  3j 

2r  dx 


^1 

-'j 


L\ 

n 

k, 
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(29) 


where  v  denotes  the  spatial  frequency.  Therefore,  the 
spatial  frequency  bandwidth  of  the  rainbow  hologram 
can  be  shown  as 


Al-  “  >'32|,.f>jj  ~  **31 1  Jr— /'ll  *  - -  |(Ll  +  s)Al(, 

*i  Lif 

+  <Z.,-d)K'].  (30) 

where  g  -  s  +  d  and  Ax0  =  *02  -  xqi-  If  we  let 


Ar, 


Al'2 


Axo, 


W, 


(31) 

(32) 


Eq.  (30)  reduces  to 

Ai-  *=  Aim  +  Ai'2.  (33) 

where  Ai'i  and  Ai'o  are  the  spatial  frequency  bandwidths 
due  to  the  size  of  object  image  and  the  slit  of  the  rainbow 
holographic  construction,  respectively.  Moreover,  Eq. 
(30)  can  also  be  written  as 


] 

Ac  *=  — 
£ 


Axp  +  M'+  (sAxo-dH'l—  I 
L 1. 


(34) 


From  this  equation,  we  see  that  if  (Ax0 )/W  >  d/s,  in¬ 
creasing  L\  can  compress  the  spatial  frequency  band¬ 
width  of  the  rainbow  hologram.  On  the  other  hand,  if 
(Axo)/W’  <  d/s,  decreasing  Lj  can  also  compress  the 
spatial  frequency  bandwidth  of  the  rainbow  hologram. 
However,  for  the  case  (Ax0)/W'  *  d/s,  the  L\  is  inde¬ 
pendent  of  Ar. 

Table  II  shows  the  spatial  frequency  bandwidth  re¬ 
quirements  for  various  rainbow  holographic  recording 


Table  II.  Rainbow  Holographic  Bandwidth  Raqulramantt 
L)  Reference  waveform  Ar 
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conditions.  In  this  table,  the  notation  p  denotes  the 
distance  from  rainbow  holographic  plate  Ho  with  re¬ 
spect  to  the  reference  beam  R,  where  the  paraxial  ap¬ 
proximation  holds. 

We  note  that,  for  a  2-D  case,  the  general  formulas  for 
spatial  frequency  bandwidth  requirements  for  a  rain¬ 
bow  holographic  process  can  be  written  as 


A.', 
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Ai f 
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1  +  — 

Axo  + 

1 - 

Lx 

L, 
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1  +  — 

Ayo  + 

Li 

1  Lx 
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where  Avx  and  Ai\  are  the  corresponding  spatial  fre¬ 
quency  bandwidths  in  the  x  and  y  directions,  respec¬ 
tively,  for  AA'o  >  0,  Ay0  >  0,  and  s  >  0.  It  is  inter¬ 
esting  to  note  that  if  s  =  0,  W  =  Lx,  and  L  =  Lv,  which 
correspond  to  the  recording  conditions  of  a  conventional 
hologram,  Eq.  (35)  reduces  to  the  results  obtained  by 
Yu,12  i.e., 
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Ai0  + 

Lx 

Li 

Ayo  + 

d 

Ly 

D\ 

(36) 


To  have  some  feeling  of  magnitude,  we  would  provide 
two  numerical  examples  as  given  in  the  following: 

(1)  For  conventional  holograph  construction  process; 
we  let  Lx  =  Ly  -  100  mm,  Ax0  =  Ay0  =  60  mm,  d  =  200 
mm,  L\  — ■  «,  and  Xi  =  5  X  10-4  mm.  By  substituting 
these  data  into  Eq.  (36),  we  obtain  the  following  band¬ 
width  requirements:  Avx  =  Ai\  =  1600  lines/mm. 

(2)  For  rainbow  holographic  construction  process, 
we  let  W  =  7  mm.  L  =  100  mm,  s  =  830  mm,  d  =  40  mm, 
Lj  =  1000  mm,  X:  =  5  x  10-4  mm,  and  Ax0  =  Ayo  =  6 
mm.  By  substituting  these  data  into  Eq.  (35).  we  obtain 
the  following  rainbow  holographic  bandwidth  require¬ 
ments  for  the  x  and  y  directions:  Ai*  ■  40  lines/mm, 
and  A i\  =  246  lines/mm.  In  comparison  with  these  two 
numerical  examples,  we  see  that  the  bandwidth  re¬ 
quirements  for  the  rainbow  holographic  construction 
are  somewhat  lower  than  those  of  the  conventional 
holographic  process.  Thus,  in  practice,  a  lower-reso¬ 
lution  film  can  be  utilized  for  rainbow  hologram  re¬ 
cording. 


V.  Conclusion 

The  image  resolution  and  third -order  primary  aber¬ 
rations  of  a  rainbow  holographic  process  were  derived. 
The  results  that  we  have  obtained  are  rather  general, 
for  which  the  resolution  limits  and  the  aberrations  of 
a  conventional  holographic  process  can  be  derived  from 
these  results.  The  conditions  for  the  elimination  of  the 
rainbow  holographic  aberrations  were  also  presented. 
These  conditions  are  very  useful  for  controlling  the 
rainbow  holographic  image  quality. 

The  bandwidth  requirement  of  a  rainbow  holographic 
process  was  also  evaluated.  As  compared  with  the 
conventional  holographic  process,  the  bandwidth  re¬ 
quirement  for  a  rainbow  holographic  process  is  usually 
several  orders  lower  than  that  of  a  conventional  holo¬ 
graphic  process.  Thus,  in  practice,  a  lower-resolution 
film  can  be  utilized  for  most  rainbow  holographic  con¬ 
structions. 
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WHITE-LIGHT  DENSITY  PSEUDOCOLOR  ENCODING 

WITH  THREE  PRIMARY  COLORS 
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Mois  n  is’: 


kn  words  : 


Traitement  des  images 
Pseudocouleurs 


Optical  processing 
Pseudocolors 


SUMMARY  A  technique  of  generating  density  pseudocolor 
encoding  with  three  primary  colors  using  a  white-light  optical 
processor  is  described.  Spatial  encodings  are  made  with  positive, 
negative,  and  product  of  positive  and  negative  photographic- 
image  transparencies,  and  the  pseudocoloring  is  obtained  by  color 
filtering  of  the  smeared  Fourier  spectra.  The  technique  is  simple, 
versatile,  and  economical  to  operate  that  may  offer  a  wide  range 
of  applications.  Since  coherent  sources  are  not  utilized,  the  color 
coded  image  is  free  from  coherent  artifact  noise.  Experimental 
demonstrations  of  this  density  pseudocolor  encoder  are  provided. 


Images  codees  par  trois  couleurs  primaires 

RESUME  :  On  decrit  une  methode  de  codage  pseudocolore  avec 
trois  couleurs  primaires  en  utilisant  un  processeur  optique  en 
lumiere  blanche.  Le  codage  pscudocolore  est  fail  en  filtrant  par  des 
ecrans  colores  les  spectres  de  transparents  photographiques 

Le  procede  est  simple  et  il  permet  des  applications  varices  dans  de 
nombreux  domaines  L'eclairage  etant  incoherent,  on  evile  les 
defauts  bien  connus  des  images  en  lumiere  cohercnte. 

Quelques  exemples  montrent  I'ellicacuc  de  la  methode 


Most  of  the  optical  images  obtained  in  various 
scientific  applications  and  usually  gray-level  density 
images.  For  example,  scanning  electron  microscopic 
images,  mullispcctral  band  aerial  photographic  ima¬ 
ges.  x-ray  transparencies,  etc.  However,  humans  can 
perceive  in  color  better  than  grav-lcvcl  variations.  In 
other  words,  a  color  coded  image  can  provide  a 
greater  ability  in  visual  discrimination. 

In  current  practice,  most  of  the  pseudocolorings 
arc  performed  by  digital  computer  technique  |lj.  If 
the  images  are  initially  digitized,  the  computer  tech¬ 
nique  may  be  a  logical  choice.  However,  lor  conti¬ 
nuous  lone  images,  optical  color  encoding  tech¬ 
nique  [2]  would  be  more  advantageous  for  at  least 
three  major  reasons  :  first,  the  technique  in  principle 
can  preserve  the  spatial  frequency  resolution  ol  the 
image  to  be  color  coded :  second,  the  optical  system 
is  generally  easy  and  economical  to  operate ;  third, 
the  cost  of  an  optical  pseudocolor  encoder  is  gene¬ 
rally  less  expensive  as  compared  with  the  digital 
counterpart. 

Density  pseudocolor  encoding  by  halftone  screen 
implementation  with  a  coherent  optical  processor 
was  first  reported  by  Liu  and  Goodman  [3],  and  later 
with  a  white-light  processor  by  Tai.  Yu  and  Chen  [4], 
Although  good  results  have  been  subsequently  report¬ 


ed.  however  there  is  a  spatial  resolution  loss  with 
the  half-tone  technique  and  number  of  discrete  lines 
due  to  sampling  arc  generally  present  in  the  color- 
coded  image.  A  technique  of  density  pseudocoloring 
through  contrast  reversal  was  recently  reported  by 
Santamaria  ct  al.  (5J.  Although  this  technique  offers 
the  advantage  over  the  halftone  technique,  the  optical 
system  is  more  elaborate  and  it  requires  both  inco¬ 
herent  and  coherence  sources.  Since  the  coherence 
source  is  utilized,  the  coherence  artifact  noise  is 
unavoidable. 

More  recently  a  density  pseudocolor  encoding 
using  a  white-light  processing  technique  was  reported 
by  Chao.  Zhuang  and  Yu  1 6] .  This  technique  offers 
I  he  advantages  of  coherence  noise  reduction,  no 
apparent  resolution  loss,  versatility  and  simplicity  of 
system  operation,  and  low  cost  of  pseudocoloring. 
Although  excellent  results  have  been  reported  by  this 
technique,  however  pseudocolor  encoding  is  primarily 
obtained  by  means  two  primary  colors  We  shall,  in 
this  paper,  extend  this  white-light  pseudocolor  encod¬ 
ing  technique  for  three  primary  colors.  There  is 
however  one  disadvantage  of  this  proposed  technique, 
it  is  still  not  a  real-time  pseudocolor  encoding  tech¬ 
nique. 

Wc  shall  now  describe  a  simple  white-light  density 
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pseudocolor  encoding  technique  for  three  primary 
colors.  We  assume  that  a  x-ray  transparency  (called 
a  positive  image)  is  provided  for  pseudocoloring.  By 
contact  printing  process,  a  negative  x-ray  image 
transparency  is  made.  Let  us  now  describe  a  spatial 
encoding  technique  to  obtain  a  three-gray-level- 
image  encoding  transparency  for  the  pseudocoloring. 
The  spatial  encoding  is  performed  by  respectively 
sampling  the  positive.  negative,  and  the  combination 
of  both  (i.e..  the  product  of  positive  and  negative) 
transparencies  onto  a  black-and-white  photographic 
film,  with  specific  sampling  grating  frequencies  orient¬ 
ed  at  specific  azimuthal  directions.  To  avoid  the 
Moire  fringe  pattern,  we  shall  sample  these  three 
images  in  orthogonal  direction  with  different  specific 
sampling  frequencies,  as  proposed  in  figure  1.  As  an 

CoHimoted  Coii<™otcd 

White  Light  white  Light 


Sinusoidal  froting  Sinusoidal  Grating 

NeQotiv*^'"  f  Positive  '  1 

T r  anspo'f  nc  y  Tronjpore«Cy 

Pnotogrophic  P itth  Photogrephic  film  Photogiophic  Film 

Ftc  1  —  Spatial  encoding. 


Negohvi  7  ^ Positive 
Tronsporency  /  Tronsporency 


Coibmated 
white  Light 


i  i 

Smusoidol  Grotmg 


illustration,  the  intensity  transmittance  of  the  encoded 
film  can  be  written  as 

(1)  T(x,  y)  =  K  {  T,(x,  y)[l  +  sgn  (cos  p,  y)] 

+  T 2(x.  y)  [1  +  sgn  (cosp2x)] 

+  T3(x.  .v)  [1  +  sgn  (cos  p3  x)]  }'T, 


where  K  is  an  appropriate  proportionality  constant, 
7,.  T2.  and  7",  are  the  positive,  the  negative,  and 
the  product  image  exposures,  />,.  p2.  and  p,  are  the 
respective  carrier  spatial  frequencies,  (x,  y)  is  the 
spatial  frequency  coordinate  system  of  the  encoded 
film,  y  is  the  film  gamma,  and 


(2) 


sgn  (cos  x)  ^ 


1,  cos  x  3s  0, 
1,  cos  x  <  0  . 
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We  shall  now  bleach  the  encoded  transparency  to 
obtain  a  surface  relief  phase  object  |7.  8).  We  assume 
that  the  bleached  transparency  is  encoded  in  the 
linear  region  of  the  diffraction  efficiency  D  versus 
log-exposure  £  curve  [8].  Thus,  the  amplitude  trans¬ 
mittance  of  the  bleached  transparency  can  be  written 
as 

(3)  l(x,  y)  =  exp[i</>(\.  y)]  . 

where  <f>(x,  y)  represents  the  phase  delay  distribution, 
which  is  proportional  to  the  exposure  of  the  encoded 
film  [9],  such  as 

(4)  0(x,  y)  =  M  [  7  ,(x,  y) (I  +  sgn  (cosp,  y)J 

+  Tj(x.  y)  [  1  +  sgn  (cos  n2  x)] 

+  7  j|.v.  y>  1 1  +  sgn  (cosp3  x)]  } , 

ttf«np«d  white-Ligbt 
Source 


"N 

Fig.  2  —  A  white-light  pseudocolor  encoder. 


where  M  is  an  appropriate  proportionality  constant. 
If  we  place  this  bleached  encoded  film  at  the  input 
plane  P,  of  a  white-light  optical  processor,  as  illus¬ 
trated  in  figure  2  then  the  complex  light  distribution 
due  to  ?(x.  y).  for  every  at  the  spatial  frequency 
plane  P2  can  be  determined  by  the  following  Fourier 
transformation  : 


(5)  S(x0; 


0:4)  =  f 


r(x,  y)  exp 


-  i^  (xx  +  Py) 
'■/ 


dx  dv  = 


exp[id>(x.  y)]  exp' 


-  i  (xx  -*-  pv) 
a; 


dx  d  v  . 


By  expanding  r(x.  y)  into  an  exponential  series.  Eq.  (5)  can  be  written  as 


(6) 


Six.  P:  /.)  = 


1  J-  i<p(x.  y)  -  if  [i®(x.  y|]J  -  |  exp 


-  i  ^  txx  -  pv) 
/./ 


dx  dv 


Bv  substituting  F.q.  (4)  into  Fq.  (6)  and  retaining  the  first-order  terms  and  I  he  fust-order  convolution  terms,  wo 
have  : 


■L*  **  *«  *  •  .  *  *  t'.*  a*  ,  v  ,  '  *  .  *  •  ,»  ,  *  ,  *  ,  1  .  ,  ’  .  •  ,«  .  •  _  ■  .•  ,•  V*  «, 
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s "(«./!;  i)  -  <  ±  /' i  j  +  </«  ±  TJ/'l-/1 


f*(“  *  7, p-l<)+  f<(“- 11  ±  Tk''' )  •  f »(*  ±  rif>- " 


rU±ifnr,l> 


+  ±  ^  1  r;  ’’’•A- 


where  7,.  T 2  and  7,  are  the  Fourier  iransforms  of  T,.  7,  and  7,  respectively.  *  denotes  the  convolution  opera¬ 
tion.  and  the  proportional  constants  have  been  neglected  for  simplicity.  We  note  that,  the  last  cross  product  term 
of  Eq.  (7)  would  introduce  a  Moire  fringe  pattern,  which  in  the  same  sampling  direction  of  />2  and  />3.  Nevertheless, 
all  of  these  cross  product  terms  can  be  properly  masked  out  at  the  Fourier  plane.  Thus  by  proper  color  filtering 
the  first-order  smeared  Fourier  spectra,  as  shown  in  figure  a  Moire  free  pseudocolor  coded  image  can  be  obtained 
at  the  output  plane  P3.  The  corresponding  complex  light  field  immediately  behind  the  Fourier  plane  would  be 


S(a.  fi)  =  7 /«.  0  -  y ~Pi)  +  T2(a  -  +  fJa  +  ^  Py 
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2415  film  is  that  it  is  a  low  contrast  film  with  a  rela¬ 
tively  fiat  spectral  response.  The  plot  of  diffraction 
efficiency  versus  log-exposure  for  Kodak  2415  film 
at  40  lines/mm  sampling  frequency  is  shown  in 
figure  4.  From  this  figure,  we  see  that  the  bleached 
encoded  films  offer  a  higher  diffraction  efficiency,  the 
optimum  value  occurs  at  exposures  R.50  x  I0~*  mcs. 
With  reference  to  this  optimum  exposure,  it  is  possible 
to  optimize  the  encoding  process  in  the  following  : 
first,  preexposuring  the  film  beyond  the  shoulder 
region ;  second,  subdividing  the  remaining  exposure 
into  three  regions  by  taking  the  account  of  the  trans- 
mittent  exposures  of  the  three  encoded  images. 
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Fig.  3.  —  Four  ter  plane  color  jiltcring 


where  Ar.  A*  and  A,  are  the  respective  red.  blue,  and 
green  color  wavelengths.  At  the  output  image  plane, 
the  pseudocolor  coded  image  irradtance  is  therefore. 


Log  EiDOSure  ( mc») 


He*.  4  —  Diffrat  non  cf/tt  win  y  versus  loj*  cxp*t\uiv  pha  of  a  fvpiml 
\pttnalh  cnuulctf  film 


(9)  J(x.y)  =  7j,(.x.  v)  +  T\b{x.y)  +  T\t{x,  >), 


which  is  a  superposition  of  three  primary  color 
encoded  images,  where  T,r.  7 2h.  and  73o  are  the 
red.  blue,  and  green  amplitude  distributions  of  the 
three  spatially  encoded  images.  7hus  a  Moire  free 
color  coded  image  can  be  obtained  at  the  output 
plane 

In  our  experiment,  we  utilized  two  sinusoidal 
sampling  gratings,  one  is  26.7  lines  mm  and  the 
other  is  40  lines  mm  for  the  spatial  encodings.  The 
encoding  transparency,  was  made  by  Kodak  tech¬ 
nical  pan  film  2415.  The  advantage  of  using  Kodak 


In  pseudocoloring,  we  utilize  the  Kodak  primary 
color  filters  of  No  25.  47B  and  58  in  the  Fourier 
plane,  as  shown  in  figure  J.  A  xenon-arc  lamp  is  used 
as  extended  white-light  source  for  pseudocolor  encod¬ 
ed  of  figure  2. 

For  experimental  demonstrations,  we  would  first 
provide  a  gray -level  x-ray  picture  of  a  front  view 
female  pelvis,  as  shown  in  figure  5<  a-.  Figure  5ibi 
shows  the  color  encoded  image  obtained  by  the 
white-light  pseudocolor  encoder  In  this  color  coded 
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mi  /’//if.  an 1/  //»*•  product  image  m  ttnicd  in  jfrcc/f  1C)  reversal  color 
coded  image  of  figure  5  fh)  Poxiine  image  is  coded  m  him  negauu 
image  is  totted  in  ted.  and  the  pnuhu  t  image  is  ogam  unit'd  in  green 


J.  Optics  (Pons).  ll)K4.  vol.  /.V  n°  2 

image,  the  positive  image  is  encoded  m  led,  i lie 
negative  image  is  encoded  in  blue,  and  t lie  product 
transmittance  of  the  positive  and  negative  images  is 
encoded  in  green.  From  this  figure,  we  see  that  a 
broad  range  of  pseudocolor  encoded  density  can  be 
perceived,  and  the  color-coded  image  appears  free 
from  coherent  artifact  noise  and  Moire  fringes.  The 
patient  of  the  x-ray  picture  appears  to  have  suffered 
from  a  surgical  operation,  where  the  bore  and  point 
hardwares  can  be  seen.  A  section  of  the  bone,  between 
the  sacroiliac  joint  and  spinal  column,  has  been 
removed . 

It  may  also  be  inieresiing  to  noic  that  a  reversal 
ol  the  eoloi  encoding  can  be  easily  obtained  In  tins 
white-light  pseudocolor  encoding  technique,  as  shown 
in  figure  S(r I.  In  ilns  figure,  the  positive  image  is 
encoded  in  blue,  the  negative  image  is  encoded  in 
red,  and  the  product  transmittance  is  encoded  in 
green.  From  this  figure,  again  we  see  that  a  broad 
range  density  pseudocolor  encoded  image  with  diffe¬ 
rent  color  textures  can  be  obtained.  For  example  the 
air  pockets  in  the  colon  of  the  patient  in  figure  5(c) 
is  much  easier  to  be  identified.  In  concluding  this 
paper,  w-e  note  that  a  wide  variety  of  pseudocolor 
encoded  images  can  easily  be  obtained  by  simply 
alternating  the  color  Tillers  in  the  Fourier  plane  of 
the  white-light  processor.  The  proposed  white-light 
pseudocolor  encoder  is  economical  and  easy  to 
operate,  which  may  offer  many  practical  applications. 
There  is.  however,  one  disadvantage  of  this  technique, 
it  requires  a  spatial  encoding  process.  Therefore, 
it  is  not  a  real-time  pseudocolor  encoding  method. 

We  acknow  ledge  the  support  of  the  US.  Air  Force 
Office  of  Scientific  Research  Grant  AFOSR-81-0148. 


REFERENCES 

(1)  Andrfws  iH  C  1  IrscHFR  (A  B  )  and  Kruger  (R  P  )  — 

IEEE  Spec  trum.  V.  20  <  I S) | 

[2]  Yl  IF  1  Si—  Optica’  Information  Processing.  Wiles- 

Intcrsciencc  Publishing  C  o  .  Ness  V  ork.  1982 
[?]  Lit  ill  K  )  and  Cm  k  him  an  IJ  W  )  -  A  <im  Rev  Opt..  7, 
285(1070) 

[4]  Tai  (A  ).  Yu  (F  1  S  )  and  Chin  (Ft  i  —  Opt  Lett  3.  190 
(  l«>7K) 

|5]  Saniamakia  (.1  )  Cha  (M  i  amt  Him  os  ij  i  J  Opt  .  It). 
15  1 19*10) 

|(-)  Ciiau  (I  II  ).  Ziivang  (S  L  )  and  Yr  (F.  T  S  ).  Up:  Let.. 
5.250  (1980) 

pi  liPATNirKS  (J  )  and  l.uiNARU  tC  ).  /Ippl  Opi  ,  A.  85  (I9f>9) 

|R|  (  ham,  (II  J  land  Wish  k  (K  ).  Si'll..  2/5.  172  (l‘>X(l| 

|9|  Swim  ill  M  )  "  Basis  I tolopiapbic  Principles".  I  d 

H  M  Snnih  Holographic  Refolding  Materials.  Springer- 
Verlag.  New  York.  19" 

\Lintt\t  i  ipt  tn  ettcil  tr  ()( tnltci  III.  /W  , 


-  V-/ 


I(<‘|triiil<wl  from  Appliml  Oplirs,  Y«»|,  St,  XV.\,  *h»iiunry  I .*»,  |*»m| 

Copyright  «  l!ix|  |»v  I  In*  Opt  inti  Society  i»f  Amrrira  ami  ropri lilt'd  by  pcrini>sion  of  I  hr  copyright  ow  ner. 


Coherence  measurement  of  a  grating-based  white-light 
optical  signal  processor 

F.  T.  S.  Yu,  F.  K.  Hsu,  and  T.  H.  Chao 


A  Iwo-Ik’jiih  inlerlcmue  technique  for  coherence  measurement  in  tin-  Fourier  plane  ol  n  grat ing-linsed 
while-light  optical  signnl  processor  is  presented.  The  visibility  measurement  is  olilniiicd  with  n  scanning 
pholnmclcr  lit  the  mtlput  plane  ol  the  processor.  The  degree  ol  lohrroncc  iis  :i  liinrlinn  nt  slit  separation, 
due  to  source  sine,  input  object  size,  and  the  spatial  frequency  of  the  sumplinu  grating.  is  plotted.  The  re¬ 
sults  show  that  the  decree  of  coherence  increases  as  the  spatial  frequency  of  the  samplinc  grating  increases. 
However,  this  improvement  of  coherence  is  somewhat  more  effective  in  the  direction  perpendicular  to  the 
light  dispersion.  Thus,  this  white-light  signal  processing  technique  is  more  effective  in  one  dimension. 
Since  this  white-light  processor  is  capable  of  processing  the  signal  with  the  entire  spectral  band  of  the  light 
source,  it  is  very  suitable  for  color  image  processing. 


1.  Introduction 

In  the  1930s,  work  by  Van  Cittert’  and  later  by  Zer- 
nike2  drew  attention  to  the  study  of  partial  coherence. 
They  have  shown  that  the  spatial  coherence  and  the 
intensity  distribution  of  the  light  source  form  a  Fourier 
transform  relationship.  More  recently,  the  work  of 
Thompson3"5  has  demonstrated  a  two-beam  interfer¬ 
ence  technique  to  measure  the  degree  of  partial  coher¬ 
ence.  He  has  shown  that,  under  quasi-monochromatic 
illumination,  the  degree  of  spatial  coherence  is  depen¬ 
dent  on  the  source  size  and  the  distance  between  two 
arbitrary  points.  The  degree  of  temporal  coherence  is 
however  dependent  on  the  spectral  bandwidth  of  the 
light  source.  He  has  also  illustrated  several  coherence 
measurements  that  are  consistent  with  the  Van  Cittert 
mode  in  the  Fourier  predictions. 

We  recently  proposed  a  grating-based  white-light 
optical  signal  processor.'’  H  We  have  shown  that  the 
white-light  processor  is  capable  of  processing  the  in¬ 
formation  in  complex  amplitude  like  a  coherent  pro¬ 
cessor,  and  at  the  same  time  it  suppresses  the  coherent 
artifact  noise  like  an  incoherent  processor.  In  oilier 
words,  this  white-light  processor  is  operating  in  a  par- 
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tially  coherent  mode  in  the  Fourier  plane  as  a  partially 
coherent  processor  instead  of  an  incoherent  pro¬ 
cessor. 

In  this  paper  we  shall  describe  a  dual-beam  technique 
for  coherence  measurement  in  the  Fourier  plane.  We 
shall  show  that  a  high  degree  of  coherence  can  be  ob¬ 
tained  in  the  spatial  frequency  plane  such  that  the  sig¬ 
nal  can  be  processed  in  complex  amplitude  for  the  entire 
spectral  band  of  the  white-light  source. 

II.  White-Light  Optical  Processing  Technique 

With  reference  to  the  schematic  diagram  of  Fig.  1,  the 
white-light  optical  processor  is  similar  to  that  of  a  co¬ 
herent  optical  processing  system,  except  for  the  use  of 
an  extended  white-light  source,  source  encoding  mask, 
signal  sampling  grating,  and  achromatic  transform 
lenses.  By  the  Wolf  partial  coherence  theory, 11  the 
output  intensity  distribution  can  be  obtained  by  the 
following  integrating  equations’": 

/  (jr'.y'l  =  jy  •y(x„,y„l 

•  |  jy  +  O  -  S  p|1-Vn  + 

-I  —  Ix'u  +  v’rff 

N 

■dn’rfffl  (II 

where  *>  (;r<,..\<i)  is  the  intensity  distribution  of  the  source 
encoder  at  the  source  plane  Uo,y„l.  Stnjj)  is  the  Fourier 
spectrum  of  the  input  signal  slx.yl.  is  the  angular 
spatial  frequency  of  the  grating.  /  is  the  focal  length  of 
the  achromatic  transform  lenses.  Hui.3 1  is  the  complex 
spatial  filter  in  the  Fourier  plane.  ,\,.A *,  are  the  lower 
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Fig.  1.  Grating-based  white-light  optical  signal  processor:  y(*o..Vn). 
source  encoding  mask:  L,  achromatic  transform  lenses. 


and  upper  wavelength  limits  of  the  light  source,  and 
(a./l)  is  the  spatial  coordinate  system  of  the  Fourier 
plane. 

In  opt  ionl  signal  processing,  a  set  of  A'  narrow  discrete 
spectral  band  filters  H„  (on  ,3n )  over  the  rainbow  color 
of  Fourier  spectra  are  used  in  the  Fourier  plane.  Each 
of  the  spectral  band  filters  is  limited  by  a  finite  spectral 
bandwidth  that  can  be  approximated  by  the  following 
equation7-8: 


4A  p 

AX  = - X„,Po»  A p. 

P  o 


where  A p  is  the  angular  spatial  frequency  limit  of  the 
input  signal  in  the  x  direction,  p0  is  the  angular  spatial 
frequency  of  the  sampling  grating,  and  An  is  the  center 
wavelength  of  the  filter  Hn(an,(3n).  Since  the  narrow 
spectral  band  filtered  signals  are  mutually  incoherent, 
the  output  intensity  distribution  of  Eq.  (1)  can  be 
written  as 


•v  A’  /'Vm  +  AAn/2  nr** 

Ilx'.x')  ar  Z  =  I  ((  ")  (.Vo.Vi 

n- |  n-l  JJ-- 

4  |  JX-  +  "  ~2rP0'>('  + 


X  exp  -i  Uo  +  \'Q)  dad8  dxpdyodX. 
X/ 
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Fig.  2.  Visibility  measurement  along  the  n  directions:  I),  input  slit 
width;  d,  mean  slit  separation;  An.  mean  wavelength  of  the  light  source: 
p„.  angular  spat  ial  freipienev  of  I  In-  sampling  grilling. 


ccssor.  we  propose  ti  dual-beam  interference  technique 
for  coherence  measurement  in  the  Fourier  plane.  For 
simplicity,  we  would  however  measure  the  degree  of 
coherence  in  the  3  and  in  the  o  axes  independently. 


III.  Coherence  Measurement  Technique 

We  shall  now  describe  a  visibility  measurement 
technique  to  determine  the  degree  of  coherence  in  the 
3  direction  in  the  Fourier  plane.  For  simplicity,  we 
shall  utilize  a  narrow  slit  as  a  1-D  object  at  the  input 
plane  as  shown  in  Fig.  2(a).  The  complex  light  distri¬ 
bution  in  the  Fourier  plane  would  be 


£(a,0;A) 


J  ■  l*D  A  ,  /  V  o 

■  C  sine  ~8  •«  a - pn.o 

U/  /  2ir 


With  reference  to  Eq.  (1)  or  (3).  we  see  that  the 
white-light  signal  processor  is  indeed  capable  of  pro¬ 
cessing  the  signal  in  complex  amplitude  for  the  entire 
spectral  band  of  the  light  source,  and  it  is  very  suitable 
for  color  image  processing.  From  these  two  equations, 
we  also  see  that  the  degree  of  coherence  is  governed  by 
the  source  encoding  mask  -y (a: „, vtl),  the  spatial  fre¬ 
quency  of  the  sampling  grating  p0,  and  the  spatial  fre¬ 
quency  limit  of  the  input  signal  A p.  In  other  words,  the 
source  encoding  function  is  to  improve  the  degree  of 
spatial  coherence  at  the  input  plane  and  the  signal 
sampling  grating  is  to  increase  the  degree  of  temporal 
coherence  in  the  Fourier  plane,  so  that  the  signal  pro¬ 
cessing  can  be  carried  out  in  complex  amplitude  at  each 
narrow  spectral  band  filter. 

It  is  not  hard  to  see  from  Fig.  1  that  the  signal  spec¬ 
trum  is  dispersed  into  rainbow  color  along  the  o  axis  in 
the  Fourier  plane.  The  improvement  of  the  degree  of 
coherence  is  expected  to  be  more  effective  in  the  3  di¬ 
rection  than  in  the  n  direction.  In  devising  a  coherence 
measurement  scheme  for  this  white-light  optical  pro- 


where  C  represents  an  appropriate  complex  constant, 
D  is  the  slit  width,  /  is  the  focal  length  of  the  achromatic 
transform  lens,  p(>  is  the  angular  spatial  frequency  of  the 
phase  sampling  grating,  and  »  denotes  the  convolution 
operation. 

It  is  clear  that  Eq.  4  describes  a  fan-shaped  smeared 
Fourier  spectrum  of  the  input  slit,  for  which  the  scale 
of  the  sine  factor  increases  as  a  function  of  the  wave¬ 
length  A  of  the  light  source  and  decreases  as  the  size  of 
the  object  D  (i.e.,  slit  width)  increases.  To  increase  the 
efficiency  of  the  coherence  measurement  along  the  3 
direction,  we  would  use  a  pair  of  slanted  narrow  slits  at 
the  smeared  Fourier  spectra,  as  illustrated  in  Fig.  2(b). 
The  angle  of  inclination  of  this  pair  of  slits  should  be 
adjusted  with  the  separation  of  the  slits,  such  os, 


where  d  is  the  mean  separation  of  the  slits,  A,,  is  the 
mean  wavelength  of  the  light  source,  and  p o  is  the  an¬ 
gular  spatial  frequency  of  the  sampling  grating.  The 
filtering  function  of  this  pair  of  slanted  slits  can  be 
w-ritten  as 


,nj3'  *  H3  -  £) + i*  *  £)]  •  *(■•  _  £  p,'4  •  ,61 


The  output  intensity  distribution  can  be  shown  as 


Kx'.y'  i  =  A(l  +  ros(2-c.r  il.  IT  i 

where  K  is  an  appropriate  proportionality  constant. 
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Fig.  3.  Visibility  measurement  along  the  a  direction:  D.  input  slit 
width;  h,  slit  separation:  no.  center  location  of  the  pair  of  narrow  slits; 
At,,  menu  wnvolcngl  h  of  |  lie  light  howto;  pu,  angular  npiil  in t  frp<jtioiit\V 
of  the  sampling  grating. 

Equation  (7)  represents  an  aehromatic  fringe  pattern 
due  to  this  entire  spectral  band  of  the  light  source. 

Strictly  speaking,  all  practical  white-light  sources  are 
extended  sources.  For  simplicity  of  illustration,  we 
assume  that  an  extended  square  source  is  used  in  this 
white-light  optical  processor.  Thus  the  output  inten¬ 
sity  distribution  can  be  written  as 
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To  investigate  the  degree  of  coherence  variation  in 
the  a  direction,  again  we  insert  a  narrow  slit  aperture 
as  an  input  object  but  parallel  to  the  sampling  direction 
of  the  sampling  grating,  as  shown  in  Fig.  11(a).  The 
smeared  Fourier  spectra  can  be  shown  as 


.  .  ■  /ft) 

I'AnJr.X  I  =  niur  - i 

U  / 


1 

An - pn./i 

'2  7t  ; 


which  describes  a  narrow  smeared  rainbow  color  spectra 
along  the  n  axis.  For  the  visibility  measurement,  a  pair 
of  narrow  slits  is  inserted  at  the  Fourier  plane  perpen¬ 
dicular  to  the  n  axis  and  centered  at  o  =  \ofpo/(2n),  as 
shown  in  Fig.  3(b),  where  X()  is  the  center  wavelength  of 
the  light  source  and  /  is  the  focal  length.  The  filtering 
function  of  this  pair  of  slits  can  he  written  as 

=  a|#i  — -  — ^/i„./)J  +  <s|<«  +  —  — — •  (10) 

where  h  is  the  separation  between  the  slits.  Again  with 
the  assumption  of  a  square  light  source,  the  output  in¬ 
tensity  distribution  can  be  shown  as 
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•  hHa,0)  exp  -i  —  (x'n  +  y’0)  dadl3  dxodyndX.  (8) 
A  / 

where  H{a,(3)  is  given  by  Eq.  (6), 

in  /  0,  |.\ nl  >  n/2, 

and  a  is  the  dimension  of  the  extended  light  source. 
From  the  above  equation  we  see  that  the  visibility  (i.e., 
degree  of  coherence)  is  dependent  on  the  source  size  a. 
the  object  size  D  (i.e.,  slit  width),  and  the  angular  spatial 
frequency  p0  of  the  sampling  grating. 


•  H(a./3)  exp  -!  y*  (x'a  +  y‘0)  dadfi  dxcdyodX.  (11) 
Xf 

where  H(a,l3)  is  defined  in  Eq.  (10).  From  this  equa¬ 
tion,  again  we  see  that  the  degree  of  coherence  in  the  n 
direction  is  dependent  on  the  source  size  a ,  the  object 
size  D ,  and  the  angular  spatial  frequency  p0  of  the 
sampling  grating. 

IV.  Experimental  Results 

The  optical  setup  for  the  measurement  of  the  degree 
of  coherence  in  the  Fourier  plane  of  a  grating-based 
white-light  optical  processor  is  shown  in  Fig.  4.  This 
setup  utilizes  the  principle  of  a  dual-beam  interference 
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F tp.  4  Optical  setup  tor  the  coheience  measure¬ 

ment  along  the  o  direction  Mic.'th  source  er.- 
coding  mask:  c.  source  sire.  D.  input  slit  sire.  L. 
achromatic  transform  ien-es.  H 'n..'’  pair  c:  slant 
sins,  P.V .  photometer;  Oh  .  .  osctiioscope 
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Fig.  f>.  Plots  oldojirrt*  of  coho  re  iu-c*  nlonj!  I  he  rf  direct  ion  ;is  a  lunr- 
t m >n  of  mean  slit  separation  d  lor  various  values  nl  sourre  size  n.  /,< 
=  d/(\of),  the  mean  slit  separation  in  spatial  frequency. 


technique  for  coherence  measurement.  The  output 
interference  fringe  pattern  can  be  traced  by  a  linear 
scanning  photometer  and  displayed  on  an  oscilloscope 
for  the  visibility  measurement.  In  the  experiment,  the 
photometer  is  made  by  mounting  a  photomultiplier  on 
the  top  of  a  motor-driven  linear  translator.  Since  it  is 
a  1-D  fringe  pattern,  a  narrow  slit  can  be  utilized  at  the 
input  end  of  the  photomultiplier  for  the  visibility 
measurement,  i.e., 

V  A  ,m”  ~  m  ,  d2) 

^  min  ^  I  mm 

where  /m:1N  and  are  the  maximum  and  minimum 
intensities  of  the  fringes.  Needless  to  say  that  the  vis¬ 
ibility  of  the  fringes  is  in  fact  a  measure  of  the  degree  of 
coherence  measurement. ?-9  i.e.,  V  =  |y|.  where  y  is  the 
complex  degree  of  coherence. 

In  the  following  we  shall  illustrate  the  visibility  (i.e., 
coherence)  measurement  in  the  (3  and  a  directions  in  the 
Fourier  plane. 

A.  Case  I:  Coherence  Measurement  in  the 
Direction 

We  shall  now  describe  the  coherence  measurement 
in  the  H  direction  as  illustrated  in  Fig.  4.  We  shall  show 
that  the  visibility  varies  as  functions  of  mean  separation 
d  of  t  he  pair  of  slanted  slits,  source  size  o,  object  size  l) 
(i.e.,  slit  widt  h),  and  spat  ial  frequencies  of  the  sampling 
gi  at  ing.  Figure  .r>  shows  I  lie  varial  ion  ol  I  he  degree  of 
coherence  as  a  lunct ion  of  main  separal  ion  d  lor  various 
values  of  source  sizes  a.  From  this  figure  we  see  that 
the  degree  of  coherence  decreases  as  the  separation  d 
increases.  Further  increase  in  d  increases  the  reap¬ 
pearance  of  the  coherence.  Still  furl  her  increase  in  d 
causes  the  repeated  fluctuation  of  visibility.  In  this 
figure,  we  also  see  that  the  degree  of  coherence  increases 
as  the  source  size  o  decreases.  There  is  an  interest  ing 
phenomenon  in  this  coherence  measurement.  We  see 
that  as  the  source  size  a  decreases  further,  the  reap- 
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pearance  of  the  visibility  is  higher.  I  lowevcr  the  overall 
intensity  of  the  smeared  Fourier  spectra  decreases. 
This  phenomenon  is  primarily  due  to  the  finite  object 
size  under  a  uniform  source  size  illumination.  Fur¬ 
thermore,  if  the  source  size  a  is  further  increased,  lor 
example,  exceeding  1.0  mm  in  Fig.  5.  the  decrease  in 
coherence  due  to  t  lie  source  size  is  not  apparent .  This 
is  primarily  due  to  a  comparable  broader  object  size  l) 
vt.g..  I)  =  0.6  mm)  compared  to  a  narrower  sine  factor 
derived  from  source  size  a.  Nevertheless,  if  the  input 
slit  size  further  decreases,  the  changes  in  degree  of  co¬ 
herence  for  large  source  sizes  can  he  seen. 

We  shall  now  provide  a  set  of  output  fringe  patterns 
with  a  set.  of  normalized  scanned  photometer  traces  as 
shown  in  Fig.  6.  The  fringe  patterns  of  Figs.  6>(a)-(c) 
were  taken  at  visibilities  of  (I.HH,  <1.68.  mid  0.08  that 
correspond  to  the  mean  separations  d  =  0.,'if>.  0.72.  and 
1.44  mm  at  points  n.  b.  and  c  indicated  on  the  main  lobe 
of  the  plot  a  =  0.4  mm  in  Fig.  5.  Figures  6(d)  and  (e) 
were  taken  on  the  second  lobe  of  the  visibility  reap¬ 
pearance  that  correspond  to  points  d  and  e  in  Fig.  ,j. 
The  degrees  of  coherence  at  these  t  wo  points  are  0.42 
and  0.15,  respectively.  And  the  corresponding  mean  slit 
separations  are  2.16  and  2.52  mm.  Figure  6(f)  was  taken 
on  the  third  lobe  visibility  at  point  f.  The  degree  of 
coherence  is  0.3  and  the  mean  slit  separation  is  2.88 
mm. 

Let  us  now  investigate  the  degree  of  coherent  j  as  a 
function  of  mean  separation  d  for  various  input  object 
sizes  D  (i.e.,  slit  width)  as  plotted  in  Fig.  7.  Again,  we 
see  that  the  degree  of  coherence  decreases  as  d  increases. 
Further  increase  in  d  also  causes  side  lobes  to  reappear. 
In  this  figure  we  also  see  that  the  degree  of  coherence 
increases  as  object  size  D  decreases.  Finally,  Fig.  8 
shows  the  visibility  measure  as  a  function  of  mean 
separation  d  for  two  values  of  sampling  grating 
frequencies.  From  this  figure  we  see  that  the  degree  of 
coherence  is  dramatically  improved  in  the  Fourier  piane 
by  the  insertion  of  the  sampling  grating. 


B.  Case  II:  Coherence  Measurement  in  the  a 
Direction 


At  t  his  stage  we  shall  now  measure  l  he  degree  of  co¬ 
herence  in  the  n  direction  in  the  Fourier  plane.  The 
measurement  technique  is  essentially  identical  to  that 
of  Fig.  4.  except  the  input  object  is  replaced  by  a  pair  of 
horizontal  slits  as  shown  in  Fig.  H.  In  coherence  mea¬ 
surement.  we  centered  the  pair  of  slits  at  the  center  of 
the  smeared  Fourier  spectra  corresponding  to  A  =  5461 

A. 


Figure  !)  shows  plots  ■■(  degree  ol  eoherence  as  a 
lunct  ion  of  slit  separal  ion  I:  lot  various  values  ol  source 
sizes  a.  From  this  figure  we  see  that  the  degree  ol  co¬ 
herence  decreases  as  h  increases.  Further  increase  in 
h  again  causes  the  reappearance  ol  the  visibility  side 
lobes.  However,  the  degree  of  coherence  is  generally 
not  affected  by  the  variation  of  the  source  size  a.  Figure 
10  shows  a  set  of  the  visibility  fringe  patterns  that  we 
have  obtained  in  the  output  image  piane  This  set  of 
pictures  was  taken  at  points  r.\  h.  c .  and  d  as  shown  in 
Fig.  9.  The  corresponding  degrees  o'  coherence  are 


v. 


.*  If 


rip.  6.  Sample?  of  fringe  visibility  patterns  at  the  output  plane.  The  upper  portion  of  (at— (ft  shows  the  fringe  visibility  patterns.  The  lower 
portion  shows  the  corresponding  photometer  traces.  In  these  experiments,  the  fringe  visibility  and  the  spatial  frequency  were  varied  by  changing 
the  mean  separation  distance  d  between  the  two  slanted  slits,  (a'-lcl  were  obtained  at  points  a.  b.  and  c  on  the  first  lobe  of  Fig.  5.  These 
figure?  show  the  decrease  in  fringe  visibility  and  corresponding  increase  in  spatial  frequency  as  the  separation  d  increases  (d  t  and  < e  i  were 
obtained  at  points  d  and  e  on  the  second  lobe  of  Fig.  5.  These  two  figures  also  show  the  increase  of  spatial  frequency  as  d  further  increases. 

(fi  was  obtained  at  point  /  on  the  third  lobe  of  Fig.  5. 
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Fie.  7.  I 'lots  of  degree  of  eolierenee  along  I  lie  (i  direr)  ion  nsn  limel- 
ion  of  mean  slit  separation  d  for  various  values  of  input  slit  width 

D. 
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Fig.  8.  Plots  of  degree  of  coherence  along  the  0  direction  as  a  func¬ 
tion  of  mean  slit  separation  d  for  two  values  of  sampling  grating  fre¬ 
quency  po- 

in 


Fig.  9.  Plots  of  degree  of  coherence  along  the  o  direction  as  a  func¬ 
tion  of  slit  separation  h  for  various  values  of  source  size  c  «  h 
I  AofL  the  corresponding  slit  separation  in  spatial  frequency 
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0.70,  0.50,  0.J4,  and  0.05.  The  respective  separations 
are  h.  =  0.36,  0.72, 1.44,  and  2.16  mm. 

Wo  shall  now  plol  1  he  degree  of  coherence  as  a  func¬ 
tion  of  h  for  various  values  of  object  sizes  I)  (i.e.,  slit 
widths  D)  as  shown  in  Fig.  11.  From  these  plots  we  see 
that  t  he  degree  of  coherence  decreases  as  the  ob  ject  size 
I)  increases.  Figure  12  shows  |  he  variation  of  coherence 
due  to  spatial  frequency  of  the  sampling  grating  as  a 
function  of  slit  separation  h.  From  this  figure  we  see 
that  higher  degree  of  coherence  is  achievable  with  the 
insertion  of  a  high  spatial  frequency  grating  in  the  input 
plane. 

We  shall  now  briefly  discuss  the  overall  effect  of  co¬ 
herence  in  the  (n./f)  spatial  frequency  plane.  By  com¬ 
paring  the  visibility  nieiiHorenieol  id  KigM.  5  and  !>,  we 
see  that  the  degree  ol  coherence  substantially  increases 
in  the  0  direction  as  the  source  size  decreases.  There 
is.  however,  no  significant  improvement  in  the  n  di¬ 
rection  for  smaller  source  sizes.  Although  both  cases 
show  the  increase  in  coherence  for  smaller  object  sizes, 
however,  the  increase  in  coherence  is  higher  in  the  0 
direction  compared  with  the  a  direction,  as  shown  in 
Figs.  7  and  1 1.  With  reference  to  the  plots  of  Figs.  8  and 
12,  both  cases  show  significant  improvement  in  the 
degree  of  coherence  with  the  insertion  of  a  sampling 
grating.  However  the  improvement  in  coherence  in  the 
0  direction  is  somewhat  higher  than  in  the  «  direction, 
due  primarily  to  overlapping  of  the  smeared  rainbow 
Fourier  spectra. 

To  summarize  these  observations,  we  stress  that  the 
grating-based  white-light  optical  signal  processor  does 
improve  the  degree  of  coherence  in  the  Fourier  plane. 
Although  the  higher  degree  of  coherence  is  obtainable 
in  both  spatial  frequency  directions,  the  coherence 
improvement  in  the  0  direction  is  generally  higher. 
Thus,  the  white-light  optical  signal  processing  tech¬ 
nique  is  generally  more  effective  in  the  0  direction  than 
in  the  a  direction.  We  note  that  this  effect  can  be  seen 
in  a  recent  paper  on  linear  motion  color  image  de¬ 
blurring.11 

V.  Conclusion 

We  have  devised  a  dual-beam  interference  technique 
to  measure  the  degree  of  coherence  in  the  Fourier  plane 
of  a  grating-based  white-light  optical  signal  processor. 
The  effect  of  coherence  variation  due  to  source  size, 
input  object  size,  and  the  spatial  frequency  of  the 
sampling  grating  is  plotted  n*  a  function  of  distance  in 
the  3  and  rr  directions  of  the  Fourier  plane.  We  have 
shown  that  the  degree  of  coherence  increases  as  the 
spatial  frequency  of  the  sampling  grating  increases. 
Although  the  improvement  in  degree  of  coherence  in  the 
Fourier  plane  is  quite  evident,  the  improvement  in  the 
3  direction  (i.e..  the  direction  perpendicular  to  the  light 
dispersion)  is  somewhat  more  effective  than  in  the  a 
direction.  The  results  indicate  that  this  white-light 
optical  signal  processing  technique  is  somewhat  more 
effective  in  the  3  direction  than  in  the  o  direction. 
Nevertheless  the  existence  of  the  high  degree  of  coher¬ 
ence  in  the  Fourier  plane  allows  us  to  process  the  in- 
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r  ig.  10.  Samples  o!  fringe  visibility  patterns.  The  upper  portion  of  (a>— (d )  shows  fringe  visibility  patterns;  the  lower  portion  shows  the  cor- 
responding  intensity  profiles,  (a)  and  (b)  were  obtained  at  points  a  and  b  on  the  first  lobe  of  Fig.  9.  (c)  was  obtained  at  point  c  on  the  second 

lobe  of  Fig.  9,  and  (d)  was  obtained  at  point  d  on  the  third  lobe  of  Fig.  9. 
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Fig.  11.  Plots  of  degree  of  coherence  along  the  n  direction  as  a 
function  of  slit  separation  h  for  various  values  of  object  size  D. 
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Fig.  12.  Plots  of  degree  of  coherence  along  the  o  direction  as  a 
function  of  slit  separation  h  for  two  values  of  sampling  grating  fre¬ 
quency  pP. 
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formal  inn  in  complex  nmpliludc  rnlher  than  in  inten¬ 
sity.  And  the  white-light  processing  technique  is  very 
suitable  for  color  signal  processing. 

We  acknowledge  the  supi>ort  of  the  U.S.  Air  Force 
Office  of  Scientific  Research  grant  AFOSR-81-0148. 
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A  method  of  deconvoluting  the  defocused  color  photographic  images  utilizing  a  white-light  processing  is  described.  In 
the  white-light  processing,  a  diffraction  grating  is  used  to  provide  three  primary  color  light  sources  for  the  color  image 
restoration.  Three  complex  inverse  filters,  for  each  primary  color,  arc  used  in  the  Fourier  transform  plane.  Experimental 
demonstrations  of  the  color  image  restoration  of  defocused  photographic  images  are  given. 


1 .  Introduction 

Restoration  of  blurred  photographic  images  has 
long  been  an  interesting  application  in  optical  signal 
processing  [  1  -8] .  We  have  in  previous  papers  [9-12] 
presented  a  white-light  processing  technique  for  lin¬ 
early  smeared  image  debiurring.  We  have  shown  that 
the  white-light  image  deblurring  technique  is  capable 
of  suppressing  the  coherent  artifact  noise  and  is  suit¬ 
able  for  color  image  deblurring.  However  the  results 
that  we  had  obtained  were  primarily  restricted  to 
blurred  due  to  linear  motion. 

In  this  paper,  we  shall  extend  the  white-light  image 
restoration  technique  to  two-dimensional  image  de¬ 
blurring.  We  shall  utilize  a  white-light. source  for  the 
restoration  of  the  out-of-focused  color  photograph 
images.  The  proposed  color  image  restoration  tech¬ 
nique  includes  three  primary  color  sensitive  inverse 
filters,  as  shown  in  fig.  1 .  In  this  figure,  a  high  diffrac¬ 
tion  efficient  grating  is  used  at  plane  PQ1  to  produce 
three  orders  of  smeared  color  spectra  at  the  back 
focal  plane  P02.  Three  pinholes  (one  with  a  blue  filler) 
arc  properly  placed  over  ibis  set  of  spectral  lights,  to 
produce  three  primary  color  point  sources  (i.e„  spat¬ 
ially  small)  at  plane  PQ2.  In  the  Fourier  transform 
plane  P2,  three  color  sensitive  inverse  filters  arc  used 
for  the  restoration,  and  the  deblurrcd  color  images 
can  be  seen  at  the  output  plane  of  the  optical  proces- 


2.  Defocused  color  image  restoration 

With  reference  to  the  optical  processor  of  fig.  1 , 
there  are  three  primary  color  point  sources  derived 
from  a  white-light  source.  The  intensity  distribution 
of  these  three  primary  color  point  sources  can  be 
represented  by  the  following  equation 

/(a,/3;X)  =  XBcir[(o2  +  02),/2/tJB] 

+  XR  cir[((a  +  \Rfp0)2  +  02)'l2/dR] 

+  AGcir[((Q-XG/p0)2+^)l/2/c/Gj  t  (1) 

where  cir[A"]  =  1 ,  |-Y|  <  1 .  and  0  otherwise;  (a,  0)  is 
the  spatial  coordinate  system  of  plane  P02,pn 's  ’*ie 
spatial  frequency  of  the  diffraction  grating.  T(x),f 
is  the  focal  length  of  the  achromatic  transform  lens. 

A ’B,  A'r  ,  A'g  arc  the  proportional  constants,  c/B.  dR , 
Jq  arc  diameters  of  the  pinholes,  and  XB .  XR . 
are  the  center  wavelengths  of  the  blue.  red.  green  spec¬ 
tral  bands  of  the  light  sources,  respectively.  For  red 
and  green  point  sources,  the  center  wavelength  of 
each  spectral  band  would  be 

X  =  a/fp0  ,  (2) 

which  is  determined  by  the  position  of  the  pinhole 
at  a  axis.  The  corresponding  spectra!  bandwidth  AX 
of  the  point  sources  can  be  written  as 
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l  ie.  1.  A  white-light  optical  processor  for  out-of-focuscd  color  image  dcblurring.  1;  white-light  source,  T(x);  diffraction  grating, 
R.  B,  G.  red.  blue,  and  preen  color  sources.  Six, y):  out-of-focused  color  image,  L;  achromatic  transform  lenses, /(p.  Ac)' 

/(p.  Ab),/(p,  Ar).  inverse  filters  tor  green,  blue,  red  light. 


AX  =  Ao//p0  =  c///p0  ,  (3) 

where  d  is  the  diameter  of  the  -inholes. 

We  note  that  the  complex  degree  of  coherence  pro¬ 
duced  by  the  color  point  sources  at  the  input  plane  Pj 
of  the  processor  is  1 13] 

ZJ](TJd„rn) 

p„=  cxp(i2rr0„-r),  n=R.G.B.  (4) 

7uJnrn 

where  7]  is  the  first-order  Bessel  function,  rn  = 
(l/X„/)(.v-  +  y2)l/:.and  «?„  =  0,  -XR/J„.and  \-p0 
for  the  blue.  red.  and  green  color  point  sources,  rc- 
spcctively.  Since  the  transform  lens  L(li  is  achromatic, 
the  spatial  coherence  length  produced  by  a  circular 
point  source  would  be 

R  =  A’/A/</  .  (5) 

where  A.'  is  a  proportionality  constant,  and  A'  -  1 .22 
if  the  spatial  coherence  length  R  is  defined  as  the  dis¬ 


tance  in  which  the  degree  of  coherence  p  drops  from 
unit  to  first  zero  value.  If  R  is  defined  from  a  drop  of 
12fr  from  the  unit  degree  of  coherence,  then  A  =  0.32. 
With  reference  to  eqs.  (3)  and  (5),  we  note  that 

R  =  A'X/AX^p  .  (6) 

Thus  to  maintain  the  same  spatial  coherence  length 
and  the  same  spectral  bandwidth,  difleicm  spatial  fre¬ 
quency  p()  of  the  prating  should  be  used.  I  lowcvcr. 
with  the  use  of  multi-grating  frequency,  it  would  re¬ 
duce  to  available  power  of  the  light  source  for  the 
processing.  Nevertheless  this  problem  can  be  alleviated 
by  using  a  single  diffraction  gialing  al  P„j  and  dillet- 
ent  sizes  of  pinholes  at  F’(P  plane  In  this  manner  the 
same  spatial  coherence  length  can  be  obtained  by  sim¬ 
ply  varying  the  size  of  the  pinholes  of  the  primary 
color  sources.  As  a  numerical  example .  we  tabulate 
the  requirement  of  the  size  of  the  pinholes,  spatial 
coherence  lengths,  and  the  spectral  bandw  idths  of  the 
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Table  I 

Relationship  of  si/.c,  spectral  bandwidth  and  spatial  coherence 
length  of  three  color  sources. 


X  (A) 

d  (uni) 

AX  (A) 

K 

R  (mm) 

6300 

400 

290 

0.32 

0.18 

red 

1.22 

0.67 

200 

140 

0.32 

0.35 

1.22 

1.35 

5500 

400 

290 

0.32 

0.15 

preen 

1.22 

0.59 

170 

120 

0.32 

0.3(, 

1.22 

1.38 

4300 

400 

500 

0.32 

0.12 

blue 

1.22 

0.46 

140 

500 

0.32 

0.34 

1.22 

1.31 

Note:  AX  *  500  A  for  blue  wavelength  X  »  4300  A  is  limited 
by  Kodak  47B  filter. 


sources,  in  table  1 .  If  the  pinholes  for  red  and  green 
sources  are  of  the  same  diameter,  e.g.,  e/R  =  dc  =  400 
pint.  the  spectral  bandwidths  would  be  AX  =  290  A. 

On  the  other  hand,  if  the  three  pinhole  diameters  are 
different,  e.g ,.dR  -  200  gim ,dc  -  170  ptm,  and  c/B  = 
140  pm,  coherence  lengths  obtained  would  be  similar, 
i.e  .  1 .35  mm  (red),  1 .38  mm  (green),  and  1.31  mm 
(blue). 

In  filter  synthesis,  we  note  that  the  inverse  filter 
function  for  the  restoration  of  out-of-focus  image, 
for  each  primary  color  wavelength,  should  be 

(  ~ 7~T~  -  .  -  .  I/(P.  X)|  «£  1  , 

ZJATtap)  m 

/(P.M  =  (7) 

l  ±  1  ,  otherwise  , 

where  a  is  the  diameter  of  the  defocuscd  point  spread 
function,  p  =  ( 1  /X/ha-  +  (3- )’/- .  and  m  is  a  constant 
of  the  order  of  10  to  10-.  The  meaning  of  m  is  that 
the  finite  filter  in  dynamic  range  can  be  made  in  phys¬ 
ical  sense  because  7,  (nap)  has  an  infinite  number  of 
zeros  [  1 ) .  Needless  to  say  that  eq.  (7)  can  also  be 
written  as 

,f(p.X)=  |/(p.X)!e,s  . 

Thus  an  inverse  filter  can  be  synthesized  by  the  com¬ 
bination  of  an  amplitude  and  a  phase  filter  The  am¬ 
plitude  filter  can  be  synthesized  by  recording  an  am¬ 


plitude  spectrum  of  a  circular  aperture  of  a  given  diam¬ 
eter  using  a  He-Nc  laser.  Since  the  scale  of  the  spec¬ 
trum  is  proportional  to  the  wavelength,  the  diameter 
of  the  circular  aperture  should  be  properly  fitted 
with  the  color  wavelength.  In  other  words,  the  diam¬ 
eter  for  the  red  amplitude  filter  should  be  smaller 
than  the  green  amplitude  filter,  and  the  diameter  for 
the  green  filter  should  be  smaller  than  the  blue.  For 
example,  if  the  diameter  of  the  ciicului  apeitme  lot 
red  light  is  taken  equal  to  0.5  mm.  then  the  diameter 
of  the  aperture  for  the  green  should  he  0.58  mm.  and 
the  diamclci  lot  (lie  blue  light  should  he  0.74  mm.  in 
amplitude  filter  synthesis,  it  is  necessary  to  control 
the  gamma  of  the  recording  plate  equal  to  1  to  obtain 
the  required  amplitude  transmittance. 

In  phase  filter  synthesis,  we  see  that,  the  filter  is 
primarily  composed  of  a  set  of  rr-phasc  circular  con¬ 
centric  rings,  as  shown  in  fig.  2.  The  diameters  of  the 
rings  are  determined  by  the  primary  color  wavelength 
and  the  size  of  the  defocused  point  spread  function. 

A  simple  technique  of  producing  the  phase  filter  is 
a  bleaching  method  [  14] .  A  black-and-white  ring  pat¬ 
tern,  corresponding  to  the  rr-phase  zone  of  the  phase 
filter,  is  recorded  on  a  high-contrast  film.  The  recorded 
binary  ring  pattern  is  used  as  a  mask  to  reproduce  a 
number  of  grav-level  rings  on  a  low-contrast  photo¬ 
graphic  plate.  If  the  recorded  plate  is  bleached,  a  set 
of  dcblurring  phase  filters  can  be  obtained.  To  search 
for  a  rr-phase  filter  for  a  given  wavelength,  one  can 
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utilize  I  he  eonlrasl-rcvcrsc  method  or  by  observing 
tire  inicnsily  ratio  of  lire  main  peak  and  the  second 
peak  of  a  processed  point  spread  function. 

In  this  manner,  a  set  of  deblurring  filters  suitable 
for  the  three  primary  color  wavelengths  can  be  ob¬ 
tained.  The  primary  color  inverse  filter  functions  can 
be  described  as 


*ap„  \ 

f(fin ,  X)  =  zrr~. - .  —  .  «  =  R,C,B, 

l/,(7rap„)w 


t>„  r"  0  /Ar/K(«  *  X,..//> n't-  +  .  for  XR  . 


(I/Xg/)((o-\j/P0)2  +^2)1/2.  forXe. 


(l/XB/)(a2  +  02)1/2  t  for  XB  . 

The  three  inverse  filters  are  placed  in  the  Fourier  plane 
P2  of  the  processor,  their  positions  should  be  adjusted 
properly ,  such  that  a  =  -XR/p0, 0  =  0  for  red  sensitive 
inverse  filter,  a  =  \;fp0,P  -  0  for  green,  and  a  =  0, 

0  =  0  for  blue. 


3.  Experimental  results 

In  our  experiment,  a  75  W  xenon  arc  lamp  with  a 
500  pm  pinhole  is  used  as  the  white-light  source  l. 

A  phase  grating  of  40  C/mm  is  placed  at  plane  P01 , 


and  three  pinholes  of  200  pm,  1 70  pm,  and  1 50 
pm.  for  the  red,  green,  and  blue  spectral  hands  arc 
used  at  plane  l’,^.  The  center  wavelength  for  the 
red  spectral  band  is  6300  A,  5500  A  for  the  green, 
and  4300  A  for  the  blue.  Since  we  utilize  the  zero- 
order  spectra  for  the  blue  color  source,  a  Kodak  47B 
blue  color  filter  is  used  to  cover  the  pinhole.  The 
spectral  bandwidths  of  these  primary  color  sources 
arc:  140  A  for  the  red.  )  20  A  for  the  green,  and 
500  A  for  the  blue.  Needless  to  say  that  the  intensi¬ 
ties  nt  these  three  piimaiy  color  son  ices  can  he  ad¬ 
justed  by  a  set  of  neutral  density  fillers  for  color 
balance. 

For  the  first  experimental  demonstration,  we  used 
a  circular  aperture  of  about  0.5  mm  in  diameter  as 
a  defocussed  point  spread  function,  as  shown  in  fig. 
3a.  Fig.  3b  shows  the  restored  image  of  fig.  3a  ob¬ 
tained  with  this  polychromatic  restoration  technique. 
From  this  figure,  we  see  that,  the  deblurred  point 
spread  function  mainly  consists  of  a  high  intensity 
center  peak,  as  the  deblurred  image,  and  a  weak  cir¬ 
cular  ring  image,  which  is  primarily  due  to  the  finite 
extent  of  the  deblurring  fillers.  In  our  experiment  the 
deblurring  filters  are  limited  to  about  four  lopes,  and 
the  greatest  density  of  the  amplitude  filter  is  about 
2  to  2.5  D. 

From  the  result  of  fig.  3b,  we  also  see  that  there 
is  a  slight  color  dispersion  at  two  edges  of  the  center 
restored  peak  image.  We  note  that,  the  dispersion  is 


Fie.  3.  Restoration  of  a  defocused  point  spread  function  a)  A  transparent  circular  disk  as  a  dcfocused  point  spread  function 
b)  A  black-and-white  picture  of  the  deblurred  poult  spread-function. 
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Fig.  4.  A  electronic  scanned  image  of  fig.  3b. 

primarily  due  to  the  chromatic  aberration  of  the 
transform  lenses,  which  can  be  eliminated  by  using 
higher  quality  achromatic  transform  lenses.  Fig.  4 
shows  an  electronic  scanned  image  of  the  result  of 
fig.  3b.  From  this  figure,  we  see  that  the  intensity  of 
the  center  peak  is  much  higher  than  that  of  the  first- 
order  ring. 

We  now  provide  a  second  experimental  demonstra¬ 
tion  for  three  overlapping  primary  color  disks,  as 
shown  in  fig.  5a.  The  size  of  these  primary  color  disks 


Fig.  5.  Restoration  ot  three  dcfocuscd  color  point  spread  tunc 
lions  a)  A  black-and-white  photograph  of  three  overlapping 
primary  color  disks  as  the  color  delocuscd  point  spread  Junc¬ 
tions.  bl  A  black-and-vshitc  photograph  of  the  corresponding 
deblurred  point  spread  functions. 


are  about  0.5  nun  in  diameter.  If  the  color  transparen¬ 
cy  of  fig.  5a  is  inserted  a!  the  input  plane  of  the  pro¬ 
posed  deblurring  processor  of  fig.  I ,  the  restored  color 
point  images  can  be  obtained,  as  shown  in  fig.  5b. 

From  this  figure  we  see  that  the  color  of  the  restored 
images  are  very  faithful.  However  there  is  a  slight  re¬ 
placement  of  the  deblurred  color  point  image,  which 
is  primarily  due  to  the  chromatic  aberration  of  the 
transform  lenses. 

Asa  final  cx|>ci internal  icsull.  fig.  (ia  shows  two 
blurred  color  words  (i.c..  “Color  Image")  as  an  input 
blurred  image.  The  corresponding  debiutied  color 
image  obtained  with  this  deblurring  technique  is  shown 
in  fig.  6b.  From  this  deblurred  color  image,  again  we 
see  that  the  color  reproduction  is  rather  faithful  and 
the  quality  of  the  deblurred  image  is  quite  impressive. 
Since  the  color  image  deblurring  is  obtained  with  three 
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Fig.  6  Color  image  restoration  of  dcfocuscd  color  words 
"Color  Image",  a)  A  lilack-and-w tine  photograph  ot  the  dc- 
focused  color  words,  b)  A  black-and-white  photograph  of  the 
corresponding  deblurred  color  image 
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icblivcly  temporally  broad  ami  spatially  largo  prima¬ 
ry  color  light  sources,  the  finger  print  like  structure 
coherent  artifact  noise  is  eliminated,  as  can  be  seen 
from  figs.  3b,  5b,  and  6b. 

4.  Summary 

Wo  have  shown  that  the  color  image  restoration  for 
out-of-focused  photographic  images  can  be  obtained 
by  a  white-light  processing  technique.  This  technique 
uses  a  diffraction  grating  to  generate  three  diffraction 
orders,  so  that  three  relatively  spectrally  broad  and 
spatially  large  primary  color  sources  can  be  derived 
from  these  diffractions.  Since  the  temporal  and  spat¬ 
ial  coherence  requirements  for  the  image  deblurring 
are  determined  by  the  spectral  bandwidth  and  the 
spatial  size  of  the  primary  color  sources,  the  three 
primary  color  partially  coherent  sources  can  be  ob¬ 
tained  by  this  proposed  technique.  The  advantage  of 
the  technique  is  that  one  can  adjust  the  degree  of  the 
temporal  and  spatial  coherence  of  each  primary  color 
source  by  simply  changing  its  diameter.  By  utilizing 
these  primary  color  sources,  an  out-of-focused  blurred 
color  photographic  image  can  be  restored  by  a  set  of 
color  sensitive  inverse  fillers.  And  good  dcblurrcd  color 
images  have  been  obtained  with  pinhole  sizes  as  large 
as  400  urn.  To  alleviate  the  low  diffraction  efficiency 
of  the  holographic  inverse  filters,  the  filter  synthesis 
are  obtained  by  the  combination  of  non-absorptive 
phase  filters  and  absorptive  amplitude  filters.  The  phase 
filters  are  obtained  with  a  bleaching  technique,  while 
the  amplitude  filters  arc  obtained  by  intensity  expo¬ 
sure. 


In  view  of  the  experimental  results,  we  see  that  the 
resolved  color  images  offer  a  reasonably  good  deblurred 
image  quality  and  the  colors  are  faithfully  reproduced. 
Since  the  primary  color  light  sources  are  spectrally  and 
spatially  broad,  the  coherent  artifact  noise  is  substan¬ 
tially  suppressed.  Although  there  is  some  degree  of 
chromatic  aberration,  it  can  be  alleviated  by  utilizing 
higher  quality  achromatic  transform  lenses. 

We  acknowledge  the  support  of  the  U.S.  Air  Force 
Office  of  Scientific  Research  Grant  AFOSR-81-0148. 
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We  will  show  that  a  white-light  processor  can  be  easily  implemented  with  natural  solar  light  for  optical  signal  processing. 
The  basic  advantage  of  the  solar  optical  processing  is  that  the  processing  system  does  not  require  to  carry  an  artificial  light 
source,  which  is  very  suitable  for  spacebome  optical  processing  application.  In  addition  to  the  simplicity,  versatility,  poly- 
chromaticity,  and  noise  immunity  of  the  white-light  processing  system,  the  solar  processor  is  very  durable  and  the  operation 
is  very  cost  effective.  Several  elementary  experimental  demonstrations  obtained  with  the  solar  light  processing  are  given. 


1 .  Introduction 

Since  the  discovery  of  laser  in  the  earlier  60’s,  the 
laser  has  become  an  indispensable  light  source  for 
most  of  the  optical  signal  processings  [1—4],  Aside 
from  the  disadvantage  of  inherent  artifact  noise,  the 
lasers  are  generally  expensive  and  in  some  cases  the 
maintenance  of  a  coherent  source  could  be  a  prob¬ 
lem.  Recently  we  have  developed  a  grating  based  op¬ 
tical  signal  processing  technique,  which  can  be  easily 
carried  out  with  a  broad  band  white-light  source  [SJ. 
The  major  advantages  of  the  white-light  processing,  as 
in  contrast  with  the  coherent  counterpart,  are  the 
simplicity,  versatility,  polychromatidty,  cost  effi¬ 
ciency  and  artifact  noise  immunity. 

We  will,  however,  in  this  paper  experimentally 
demonstrate  that  several  elementary  optical  image 
processings  can  be  carried  out  by  solar  or  sun-light 
illumination.  Since  the  solar  light  contains  all  the 
visible  wavelength,  the  experimental  results  that  we 
will  show  would  be  in  colour  images. 


2.  Color  image  ret  rival 

•  Let  us  briefly  describe  a  color  image  retrieval 
utilizing  the  solar  light.  Let  us  assume  that  a  spa¬ 
tially  encoded  transmittance  of  a  color  object  trans¬ 
parency  be  [6] 

0  030-40!  8'84'S03.00  S  Elsevier  Science  Publishers  B  V. 
(North-Hollaftd  Physics  Publishing  Division) 


r(x,y)  a*  exp(i/V{rr(x,y)]  [1  +  sgn(cosp„v)] 

+  rb(x,y)[l  +  sgn(cospbx)] 

+  rg(x,y)[l  +sgn(cospfr)]}],  •  (1) 

whereof  is  an  arbitrary  constant,  Tt,  Tb.  and  T f  are 
the  red,  blue,  and  green  image  irradiances  of  the 
color  object, pr,pb,  and  pg  are  the  respective  carrier 
spatial  frequencies,  (x,y)  is  the  spatial  coordinate  sys¬ 
tem  of  the  encoded  film,  and 


sgn(cosx)  = 


l ,  cos  x  >  0  , 
—  1 ,  cos  x  <  0  . 


If  we  place  the  encoded  film  of  eq.  (1)  at  the  input 
plane  of  a  solar  optical  processor  of  fig.  1 .  then  the 
first-order  complex  wave  field  at  the  Fourier  plane, 
for  every  X,  would  be 

5(a,  (3;  X)  *  Tt  (a.  0 1  ^  prJ  *ThUi  ^pb.  fi) 
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Fig.  I.  A  solar  optical  processor. 
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where  Tr.  Tb  and  Tf  are  the  Fourier  transforms  of 
Tr  7"b  and  T.  respectively,  *  denotes  the  convolu¬ 
tion  operation,  and  the  proportional  constants  have 
been  neglected  for  simplicity.  We  note  that  the  last 
cross  product  term  of  eq.  (2)  would  introduce  a 
moire  fringe  pattern,  which  can  be  easily  masked  out 
at  the  Fourier  plane.  Thus  by  proper  color  filtering 
the  smeared  Fourier  spectra  as  illustrated  in  fig.  1 ,  a 
true  color  image  can  be  retrieved  at  the  output  image 
plane  p3 .  The  corresponding  output  image  irradiance 
would  be 


I C* ,  y )  *=  ex  p  [  iM  { T,  (x ,  y)  ( 1  +  sgn(cos  p ,  >•)] 


+  +  sgn(cosp;x)] 


/(*.  v)  =  +  T2(x,y)  +  T2(x,y) , 

which  is  a  superposition  of  three  primary  encoded 
color  images.  Thus  we  see  that  a  moire  free  color 
image  can  be  retrieved  from  a  natural  solar  light. 

For  experimental  demonstration,  we  show  a  re¬ 
trieved  color  image  of  fig.  2  obtained  from  the  solar 
light  optical  processing.  In  view  of  the  retrieved 
color  image,  we  see  that  the  reproduced  color  image 
is  spectacularly  faithful  with  respect  to  the  original 
color  object  and  the  image  contains  virtually  no  co¬ 
herent  artifact  noise. 


(3) 


+  7"3(jr,,v)[  1  +  sgn(cosp3x)]}] , 


(4) 


where M  is  an  arbitrary  constant.  T r  7%.  and  7"3  are 
the  positive,  the  negative,  and  the  negative  and  posi¬ 
tive  product  image  exposures, p ,  ,pi,  and  p3  are  the 
respective  carrier  spatial  frequencies. 

Again  by  the  insertion  of  the  encoded  transparen¬ 
cy  of  eq.  (4)  at  the  input  plane  p,  of  the  solar  light 
processor  of  fig.  1 ,  and  by  various  color  filtering  of 
the  smeared  Fourier  spectra  in  the  Fourier  plane,  a 
density  color  coded  image  can  be  obtained  at  the 
output  plane,  sucl.  as 


I(x,y)  =  T2u(x,y)  +  rjb(x,  r)  +  T^Jr.y) , 


3.  Pseudocolor  encoding 


Most  of  the  optical  images  obtained  in  various 
scientific  applications  are  gray-level  density  images. 
For  example,  scanning  electron  microscopic  images, 
multispcctral  band  aerial  photograpltic  images.  X-ray 
transparencies,  infar-red  scanning  images,  etc.  How¬ 
ever,  humans  can  perceive  in  color  better  than  gray- 
level  variations.  Therefore  a  color  coded  image  can 
provide  a  greater  ability  in  visual  discrimination. 

Let  a  three-level  (i.e.,  positive,  negative  and  inter¬ 
mediate  level)  spatially  encoding  transparency  be 
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where  T},,  T Jb.  and  T 3(.  are  the  red,  blue,  and  green 
color  intensity  distributions  oi  the  three  spatially  en¬ 
coded  Images.  Thus  we  see  that  a  density  color  coded 
image  can  be  easily  obtained  with  the  solar  light. 

Fig.  3  shows  a  density  pseudocolor  encoded  X-ray 
image  of  a  woman's  pelvis,  obtained  with  the  solar 
processor  of  fig.  1 .  In  this  color  encoded  image,  the 
positive  image  is  encoded  in  red.  the  negative  image  is 
encoded  in  blue,  while  the  product  image  is  encoded 
in  green.  By  comparing  the  pseudocolor  coded  image 
with  the  original  X-ray  picture,  it  appears  that  the 
soft  tissues  can  be  better  differentiated  by  the  color 
coded  image. 
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4.  As  apply  (o  tnullis|>ectral  Lamlsnt  images 


l  alsb-c'olor  encoded  Lund  sat  images  would  allow 
us  for  (lie  discnminaiion  of  various  carlli  surface  fea¬ 
tures.  For  example,  forests  agricultural  lands,  water, 
urban  areas,  and  strip  mines  can  be  shown  on  the 
color  coded  images  if  each  of  the  thematic  image 
were  display  cd  in  a  different  color.  With  reference  to 
the  spatial  encoding  method  as  described  previously,  a 
A,-spectral  band  encoded  transparency  may  be  de¬ 
scribed  as 

a  -n 

tlx,  v)  *  exp  iM(  S 

L  \n*  2**  1 


?■,,(*.  v)P  +  sgn(cospny)) 


A'/ 2 

E 

n-2k 


Tn{x,y)[\  +sgn(cosp„x)]) 


k=  1,2, 


(5) 


where  Tn  are  the  multispectral  band  image  irradiances. 


We  note  that  the  use  of  the  orthogonal  samplings 
(i.e.,  spatial  encoding  directions)  is  to  avoid  the  moire 
fringes  of  the  output  image.  Needless  to  say  that  if 
the  encoded  film  of  eq.  (5)  is  inserted  at  the  input 
plane  of  the  solar  optical  processor,  then  false-color 
encoding  can  be  taken  place  in  Fourier  plane.  The 
output  false-color  coded  unage  irradiances  can  be 
shown  as 


A' 


/(*,.!•)=  £  rn2(x,y;X„) 
n  *  1 


(6) 


where  T ‘  represents  the  irradiance  of  nth  spectral 
band  image  and  X;|  denotes  the  corresponding  coded 
color.  Thus  we  see  that  a  false-color  coded  multi- 
spectral  image  can  be  easily  obtained  with  the  solar 
light  processing. 

For  simplicity,  three  bands  of  multispectral  scan¬ 
ner  Landsat  data  were  processed  for  pseudocoloring. 
These  bands  were  from  the  blue-green  (band  4  0.5- 
0.6  urn),  red  (band  5:  0.6— 0.7  gm),  and  reflected  in¬ 
frared  (band  7  :  0.8- 1 .1  gm)  spectral  regimes.  The 
scene  is  a  78  X  1 07  km  subsample  of  Landsat  scene 
showing  a  section  of  Susquehanna  River  Valley  in 
Siiulhenstem  Pennsylvania.  Fig.  4  shows  I  lie  results  of 
the  false-color  coded  Landsat  data  obtained  with  the 
solar  optical  processor  of  fig.  1 .  In  fig.  4(a)  where 
band  4  is  encoded  green  and  band  5  is  encoded  red, 
the  Susquehanna  River  and  small  bodies  of  water  are 
delineated  as  deep  red.  The  islands  in  the  Susquehanna 
River  are  easily  distinguished.  Strip  mines  are  dark 
red,  urban  areas  (Harrisburg)  are  medium  red,  and 


agricultural  lands  are  light  red,  orange,  and  yellow. 
Forested  [irons  air  giren.  In  ‘ip.  '1(b),  wlicic  band  4  is 
encoded  giecn,  band  5  is  encoded  red,  and  band  7  is 
encoded  blue,  the  Susquehanna  River  appears  as 
violet,  and  the  other  bodies  of  water  as  shades  of  blue. 
The  suracc  mines  and  urban  areas  arc  dark  red.  The 
agricultural  valleys  are  orange  and  the  forested  re¬ 
gions  are  green.  Thus  again  we  see  that  false-color 
coded  images  can  be  easily  obtained  with  a  solar  op¬ 
tical  processor. 


5 .  Conclusion 


We  have  demonstrated  that  a  white-light  optical 
processor  can  also  utilue  natural  solar  light  for  image 
processing.  One  of  the  obvious  advantages  of  the 
solar  light  optical  processing  is  that  the  system  does 
not  require  to  carry  its  own  light  source.  Thus  the 
proposed  solar  optical  processor  is  very  suitable  for 
spaceborne  or  satellite  optical  processing  applications. 
One  can  unage  that  if  an  orbiting  spaceborne  satellite 
optical  processor  is  required  to  carry  its  own  light 
source,  for  example  a  powerful  laser,  then,  aside  the 
havier  payload,  the  question  is  that  how  long  the 
light  source  will  last?  If  one  used  the  natural  solar 
light,  we  can  easily  perceive  that  the  optical  system 
would  continue  to  function  for  a  great  number  of 
years,  possibly  beyond  the  present  civilization.  Al¬ 
though  the  development  of  the  solar  optical  processing 
is  still  in  the  infancy  stage  however  it  is  not  difficult 
to  predict  that  it  would  offer  many  useful  applica¬ 
tions,  particularly  to  the  space  communication  and 
signal  processing  needs. 
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Application  of  a  magnetooptic  spatial  light  modulator  to 
white-light  optical  processing 

Francis  T.  S.  Yu,  Xiaojing  Lu,  and  Miaofu  Cao 


The  application  of  a  programmable  magnetooptic  spatial  light  modulator  to  white-light  optical  signal  pro¬ 
cessing  is  presented.  We  have  shown  that  the  magnetooptic  device  responds  to  the  polarized  white  light, 
in  which  a  wide  range  of  color  object  patterns  can  be  generated.  Since  the  magnetooptic  device  is  a  trans¬ 
mitted  type  spatial  light  modulator,  it  is  very  suitable  for  real-time  programmable  spatial  filter  synthesis 
and  object  pattern  generation  for  optical  signal  processings.  Experimental  demonstrations  of  some  of  the 
elementary  spatial  filter  syntheses  and  pseudocolor  encodings  are  provided. 


I.  Introduction 

The  recent  development  of  magnetooptic  spatial  light 
modulator  (also  called  Light-Mod)  has  stimulated  po¬ 
tential  applications  to  the  real-time  optical  signal  pro¬ 
cessing.1-2  The  Light-Mod  consists  of  a  layer  of  mag¬ 
netic  iron-garnet  thin  film  deposited  on  a  transparent 
nonmagnetic  substrate.  The  magnetic  thin  film  is, 
however,  formed  into  a  2-D  array  of  separated  mag¬ 
netically  bistable  mesas  or  pixels.  As  a  plane  polarized 
light  transmits  through  the  array  of  the  mesas,  the  po¬ 
larization  of  the  mesas  can  be  spatially  modulated  by 
magnetically  switching  through  the  Faraday  effect. 
Since  the  Light-Mod  is  a  transparent  type  device  unlike 
the  other  spatial  light  modulators,3-4  the  device  is  very 
suitable  for  the  applications  to  real-time  object  pattern 
generation  and  spatial  filter  synthesis. 

Because  of  the  cross-array  formation  of  the  mesas,  the 
device  has  a  2-D  mesh  structure  for  which  the  array  of 
mesas  or  pixels  can  be  switched  on  and  off  with  an  x-y 
matrix  addressed  of  currents.  Thus  each  pixel  of  the 
Light-Mod  would  take  one  of  the  only  two  possible 
states,  which  depends  on  the  direction  in  which  the  pixel 
is  magnetized.  Thus  we  see  that  the  Light-Mod  is  es¬ 
sentially  a  binary  type  spatial  light  modulator  (SLM) 
in  contrast  with  the  other  SLM. 

Since  the  Light-Mod  can  be  electrically  switched,  an 
object  potlern  cun  be  written  on  the  device  with  a 
computer;  thus  the  Light- Mod  is  also  a  programmable 
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spatial  light  modulator,  which  is  particularly  attractive 
to  the  application  to  programmable  optical  pro¬ 
cessing. 

In  this  paper  we  will,  however,  illustrate  some  ap¬ 
plications  of  this  magnetooptics  device  to  a  white-light 
optical  signal  processor.  We  will  show  that  the  device 
is  capable  of  generating  various  elementary  spatial  fil¬ 
ters  and  object  patterns  for  optical  processings.  Since 
the  device  would  be  used  in  a  white-light  optical  pro¬ 
cessor,  we  will  first  demonstrate  the  effect  of  the  device 
under  the  polarized  white-light  illumination.  We  will 
show  that  the  device  responds  to  a  wide  range  of  polar¬ 
ized  light,  and  it  is  suitable  for  generating  color-coded 
spatial  filters  and  color-coded  object  patterns. 

II.  Effect  under  White-Light  Illumination 

We  shall  first  illustrate  the  effect  of  spectra  distri¬ 
bution  under  white-light  illumination.  Since  the  device 
is  essentially  an  n  X  m  array  of  transparent  pixels  (or 
mesas),  the  Fourier  spectra  of  the  device  would  have  a 
similar  distribution  to  that  of  a  2-D  cross  grating.  If  we 
insert  the  Light-Mod  in  the  input  plane  of  a  white-light 
processor,  we  would  expect  a  set  of  smeared  rainbow 
color  Fourier  spectra  distributed  at  the  spatial  fre¬ 
quency  plane.  Since  the  current  Light-Mod  under  test 
would  not  respond  to  wavelengths  shorter  than  the 
green  light,  their  Fourier  spectra  would,  therefore,  only 
9mear  from  red  to  green.  Nevertheless,  this  range  of 
spectral  lines  would  provide  us  with  a  wide  variety  of 
colors  for  the  polychromatic  processing. 

To  simplify  our  discussion  on  the  effect  under  the 
white-light  illumination,  we  provide  three  simple  object 
patterns  of  the  device,  as  illustrated  in  the  left-hand 
column  of  Fig.  1.  The  center  column  is  a  set  of  equa¬ 
tions  to  represent  the  Fourier  transforms  of  these  object 
patterns,  where  Ml  is  the  spatial  frequency  of  the  in-, 
herent  grating  structure  of  the  device,  a  is  the  pixel  size, 


4100 


APPLIED  OPTICS  /  Vol.  23.  No.22  /  IS  November  1984 


Device 


Spectra  Contents 


Spectra  Distribution 


-V- 


(4i)  Sine (if  ZJ(  <  -  »  ^ 


i(A)&,c(Ai)S,„(^)  ZS(*-g, />-*$) 

'  fl,Wl 


(&W$)sM#)EJ(<-»g .  *-«£> 

xd+e^K-^U^Jjfl) 


Fig.  1.  Elementary  patterns  of  the  device  and  the  corresponding  smeared  Fourier  spectra. 


A  is  the  wavelength  of  illumination,  and  f  is  the  focal 
length  of  the  transform  lens.  The  corresponding 
smeared  Fourier  spectra  distributions  are  also  shown 
in  the  right-hand  column  of  the  same  Figure. 

Let  us  now  discuss  the  effect  of  the  device  under  the 
polarized  white-light  illumination.  We  assume  that  an 
object  pattern,  used  either  as  a  spatial  filter  or  as  an 
input  object,  is  generated  by  the  device  with  a  pro¬ 
grammable  computer.  If  the  device  is  illuminated  by 
a  polarized  white-light,  one  would  see  the  color  of  the 
object  pattern  changes  as  the  direction  of  the  polariza¬ 
tion  changes.  Since  the  device  responds  to  a  broad 
spectral  bandwidth  of  light  from  red  to  green,  a  wide 
variety  of  color  object  patterns  can  be  generated  in 
which  the  color  characterization  of  the  device  is  shown 
in  Fig.  2.  In  this  figure  the  outer  region  represents  the 
magnetized  pixels  (i.e.,  object  pattern),  and  the  inner 
region  represents  the  unmagnetized  pixels  (i.e.,  back¬ 
ground).  For  example,  if  the  polarizer  is  set  at  ~88° 
angle  relative  to  the  vertical  axis  of  the  device,  the  object 
pattern  would  be  in  yellow  color,  which  has  the  greatest 
transmittance,  while  the  background  would  be  in  black, 
as  can  be  seen  in  Fig.  2.  If  the  polarizer  is  turned 
slightly  counterclockwise,  one  would  see  that  the  object 
pattern  remains  in  yellow  color  while  the  background 
changes  to  dark  green  color  (or  red  color,  if  the  polarizer 
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Fig.  2.  Color  transmittant  characteristic  of  the  magnetooptic  device 
under  polarized  white-light  illumination. 

is  rotated  slightly  clockwise).  If  further  advancing 
counterclockwise,  the  background  would  become  light 
green  while  the  object  pattern  still  remains  in  yellow. 
We  further  note  that,  if  the  polarizer  is  set  at  ~104c,  a 
contrast  reverse  of  the  color  object  pattern  appear-s.  If 
the  polarizer  is  set  between  180  and  95.5°.  the  entire 
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Fig.  3.  White-light  optical  signal  processing  utilizing  a  program¬ 
mable  spatial  niter:  /,  white-light  source;  tHa,0),  spatial  Filter 
generated  by  the  device;  L,  transform  lens. 


device  would  become  yellowish,  a  contrast  reverse  color 
pattern  would  take  place  for  further  turning  of  the  po¬ 
larizer.  Moreover,  from  Fig.  2  we  see  that  the  color 
characterizations  of  the  device  are  repeated  for  every 
rotation  of  the  polarizer.  Thus  a  wide  range  of  color 
object  patterns  can  be  generated  for  polychromatic 
signal  processing. 

III.  Elementary  Spatial  Filtering 

We  shall  now  discuss  the  utilization  of  the  Light-Mod 
as  a  programmable  spatial  filter  for  a  white-light  optical 
processing  as  shown  in  Fig.  3.  We  note  that  the  device 
is  driven  by  a  computer  to  generate  elementary  binary 
spatial  filters  (e.g.,  high-pass  and  wedge  filters). 

Since  the  inherent  grating  structure  of  the  device 
produces  higher -order  diffractions  (as  shown  in  Fig.  1), 
the  separation  of  these  higher-order  signals  is  depending 
on  the  sampling  frequency  (i.e.,  the  grating  structure) 
of  the  device,  and  the  spatial  frequency  content  of  the 
arriving  complex  wave  field.  In  other  words,  it  depends 
on  the  pixel  size  of  the  device,  the  frequency  content  of 
the  object  spectra,  and  the  focal  length  of  the  transform 
lens. 

We  shall  now  investigate  the  effect  of  the  output 
image  irradiance  due  to  the  device  used  as  a  program¬ 
mable  spatial  filter.  With  reference  to  Fig.  3,  the  in¬ 
tensity  distribution  at  the  output  plane  can  be  written 
as5 


J-l|S(a,#;X)W(a.i8)j  «  j(x,v)  • 


where  7-1  denotes  the  inverse  Fourier  transformation, 
•.represents  the  convolution  operation,  S(a,8;\)  is  the 
Fourier  spectrum  of  the  input  signal  s(x,y  )JHa,8)  is  the 
amplitude  transmittance  of  the  device  used  as  a  spatial 
filer.  h(x,y;X)  is  the  corresponding  impulse  response, 
6  is  the  Dirac  delta  function,  and  lx,y)  and  (a,d)  are  the 
spatial  coordinate  systems.  From  this  equation  we  see 
• 
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Ilia)  I  he  input  signal  is  carried  out  by  an  (n  X  pi)  array 
uf  smeared  della  function*  which  are  iiM  itled  at 


in  the  output  plane  /*a.  We  also  note  that  I  he  intensity 
of  the  multiple  array  of  output  signals  (or  images)  is 
proportional  to  magnitude  square  of  the  sine  factors  in 
Eq.  (1),  i.e., 

fn.»i(x,yla|  sine  |n  °J|  |*inc|myj|  •  (2) 

Thus  the  intensity  of  the  higher-order  images  decreases 
rapidly  as  n  and  m  increase.  We  would,  however,  treat 
the  zero  order  (i.e.,  m  =  n  =  0)  as  the  signal  and  the  rest 
of  the  diffracted  orders  as  noise.  Thus  to  improve  the 
output  SNR,  one  would  make  the  ratio  a/l  (where  a  § 
l )  approached  to  unity.  However,  to  make  the  size  of 
the  pixel  approach  the  size  of  the  mesh  cell  of  the  device 
is  equivalent  to  saying  that  making  the  x-v  drive  lines 
very  thin  is  very  difficult  to  achieve  in  practice.  Nev¬ 
ertheless,  if  the  mesh  cell  of  device  l  is  made  smaller  and 
the  focal  length  of  transform  lens  f  is  made  longer,  the 
separation  of  the  output  signal  with  respect  to  the  un¬ 
wanted  noise  (i.e.,  higher-order  diffractions)  can  be 
obtained.  As  a  numerical  example;  given  /  =  0.127  mm 
for  a  48-  X  48-array  Light-Mod  and  f  -  1000  mm,  the 
mean  separation  of  the  output  smeared  signals  would 
be  X///  =  4.3  mm  for  X  =  5500  A.  If  /  =  0.02  mm.  the 
mean  separation  of  smeared  signals  would  be  —27.5  mm 
for  the  same  focal  length.  Thus  the  input  signal  size 
could  be  as  large  as  14  mm. 

IV.  Experimental  Results 

In  our  experiments,  we  show  that  a  piece  of  48-  X 
48-array  magnetooptics  light-mod  is  used  to  generate 
elementary  spatial  filter  in  the  Fourier  plane  of  a 
white-light  optical  processor  as  depicted  in  Fig.  3.  The 
pixel  size  of  the  device  is  —0.127  mm,  and  the  size  of  the 
light-mod  is  — ty*  in.  square.  Needless  to  say  that  ele¬ 
mentary  spatial  filters  can  be  generated  by  the  device 
with  a  programmable  computer.  Now  if  we  assume  a 
high-pass  filter  as  shown  in  Fig.  4ta)  is  being  generated 
in  the  Fourier  plane,  an  edge-enhanced  image  can  be 
obtained  at  the  output  plane  of  the  processor.  Since  the 
magnetooptic  device  responds  to  a  broad  band  of  light 
waves  (i.e.,  from  red  to  green),  it  is.  therefore,  a  simple 
matter  of  utilizing  the  device  to  generate  a  color  coded 
high-pass  spatial  filter.  In  example,  if  the  polarizer  is 
set  at  an  angle  between  95.5  and  104°  of  Fig.  2,  a  high- 
puss  color-coded  filler  of  Fig.  4(a)  can  be  generated  (i.e., 
low-pass  region  is  in  dark  green,  while  high-pass  region 
is  in  yellow).  And  it  is  apparent  that  a  color-coded 
edge-enhanced  image  can  be  observed  at  the  output 
plane. 

For  experimental  demonstration,  Fig.  4(b)  shows  a 
gray  scale  black-and-white  input  object.  Figure  4(c) 
is  a  black-and-white  picture  of  the  corresponding 
color-coded  edge-enhanced  image  obtained  with  the 
programmable  spatial  filter  with  white-light  processing. 
In  the  original  color  image,  the  edges  of  the  building  are 
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Fig.  4.  Edge  enhancement:  (a)  black-and-white  picture  of  a 
color -coded  high-pass  filter  generated  by  the  device:  in  reality,  the 
low-pass  region  is  green,  and  the  high-pass  region  is  yellow;  (hi  input 
object  transparency;  <c)  black-and-white  color -coded  edge-enhanced 
image.  In  reality,  the  edges  of  the  building  are  yellow-white,  and  the 
rest  of  the  picture  is  greenish. 


(c)  Id) 

Fig.  5.  Directional  filtering:  (a)  black-and-white  picture  of  a  wedge 
filter:  (b)  input  signal;  (cl  extraction  of  the  larger  signal;  (d)  extraction 
of  the  smaller  signal. 


t,. 

Fig.  6.  White-light  processor  with  a  programmable  input  object  for 
pseudocolor  encoding:  1,  white-light  source;  L,  transform  lens. 


(a) 

Fig.  7.  Pseudocolor  encoding:  (a)  Input  object;  (bl  object  pattern 
generated  by  the  device:  (c)  a  black-and-white  color-coded  iarr.ge  In 
color  the  bird  is  yellow,  the  square  region  is  in  green,  and  the  outer 
region  it  reddish. 


mostly  coded  in  yellow,  while  the  rest  of  the  picture  is 
greenish  color.  Needless  to  say  that,  if  the  polarizer  is 
set  at  a  different  angle,  a  different  shade  of  color -coded 
edge-enhanced  image  can  be  obtained. 

We  shall  now  show  a  second  experimental  result  ob¬ 
tained  with  a  directional  or  wedge  filter®  7  of  Fig.  5. 
Figure  5(a)  shows  a  two-shade  radial  spectral  filter 
generated  by  the  device.  Figure  5(b)  shows  a  black- 
and-white  input  object  of  two  sinusoidal  waves  taken 
from  a  oscilloscope.  Although  these  two  sinusoidal 
waveforms  are  of  the  same  frequency,  however,  the 
slopes  of  these  two  waveforms  are  very  distinctive. 
Thus  these  two  sinusoids  of  different  amplitudes  can 
be  exclusively  extracted  with  a  wedge  filter.  Figures 
5(c)  and  (d)  show  a  set  of  the  results  obtained  by  the 
wedge  filter  of  Fig.  5(a),  with  two  sequential  settings  of 
the  polarizer:  Fig.  5(c)  is  obtained  when  the  vertical 
region  of  the  wedge  filter  is  coded  in  black,  while  the 
horizontal  region  is  coded  in  yellow.  Figure  5(d)  is 
obtained  with  a  contrast  reversed  filter  of  Fig.  5(a). 

We  shall  now  demonstrate  a  theta  modulation® 
pseudocolor  encoding  technique  with  this  device  as 
shown  in  Fig.  6.  First,  a  binary  black-and-white  input 
object  of  Fig.  7(a)  is  placed  at  the  observation  plane  P. 
Then  a  pattern  of  input  object  can  be  generated  by  the 
Light-Mod  with  a  programmable  computer  as  shown 
in  Fig.  6.  The  object  pattern  of  the  device  consists  of 
three  distinctive  spatially  modulated  regions  as  shown 
in  Fig.  7(b).  The  inner  region  (i.e.,  the  bird)  is  mo- 
dualted  with  a  uniform  cross-gTating  frequency  in  both 
directions,  while  the  intermediate  region  is  not  modu¬ 
lated,  and  the  outer  region  is  modulated  at  a  lower 
grating  frequency  in  the  horizontal  direction.  Thus  the 
corresponding  smeared  object  pattern  spectra  would  be 
spatially  separated  along  the  horizontal  axis  in  Fourier 
plane.  In  pseudocolor  encoding,  we  allow  the  zero- 
order  (i.e.,  the  intermediate  region)  and  two  first-order 
(i.e.,  the  bird  and  the  outer  region)  Fourier  spectra  to 
pass  through  three  preselected  color  filters,  (e  g.,  red. 
green,  and  yellow),  respectively,  at  the  spatial  frequency 
plane  of  Fig.  6.  Then  a  pseudocolor-coded  image  can 
be  obtained  at  the  output  plane  as  shown  in  a  black- 
and-white  picture  of  Fig.  7(c).  Needless  to  say.  differ¬ 
ent  shades  of  pseudocolor  encoded  images  can  also  be 
obtained  with  different  sets  of  the  color  filters  and  dif¬ 
ferent  settings  of  the  polarizer  orientations.  Thus  a 
wide  range  of  pseudocolor  images  can  be  obtained  with 
the  theta  modulation  technique. 
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V.  Conclusion 

III  roiirluaiitn,  wc  Imvi  •  1 1«'< >r | h »rn I r»» I  n  |>rt>f/rnmninl>lr 
i iiji^i irl ( m »| il ir  h|uilml  linlil  iiimliiliilor  wllli  it  wind-  light 
optical  signal  pmceanor.  We  have  shown  that  the  device 
rcMpomlisI  lo  |Nilnri/isl  while  light,  in  wliicli  il  hIIitn  l lie 
tidviinlfigc  of  color-coded  spnlinl  f  ilters  synthesis  nod 
I  he  (/enrrnl  lull  of  imiMldis-olur  nlijis  l  mice  The  device 
can  lie  used  ns  an  input  programmable  object  and  also 
as  a  programmable  spatial  filter  for  rcnl-time  optical 
signal  processing.  Kvcn  though  the  resolution  of  this 
device  is  rather  limited,  however,  we  hnve  shown  some 
the  interesting  applications  with  the  while-light  illu¬ 
mination.  Nevertheless,  one  of  the  important  assets 
of  the  device  must  !»e  the  programmability,  which,  in 
principle,  would  offer  a  wide  range  of  real-time  pro¬ 
cessing  capabilities.  If  the  resolution  of  the  device  is 
further  improved,  the  device  would  have  significant 
impact  to  the  application  of  modern  optical  signal 
processing. 

We  acknowledge  the  Litton  Data  Systems  for  support 
of  the  Light-Mod  investigation  and  the  support  of  U.S. 
Air  Force  Office  of  Scientific  Research  grant  AFOSR- 
83-0140. 

References 

1.  W.  E.  Rom,  D.  Psaltis.  and  R.  H.  Anderson.  “Two-Dimensional 
Magneto-Optic  Spatial  Light  Modulator  for  Signal  Processing," 
Proc.  Soc.  Photo-Opt.  Instrum.  Eng.  341, 191  (1982). 

2.  W.  E.  Ross,  D.  Psaltia,  and  R.  H.  Anderson.  “Two-Dimensional 
Magneto-Optic  Spatial  Light  Modulator  for  Signal  Processing," 
Opt  Eng.  22,485  0983). 

3.  W.  P.  Blehaer  al..  "Application  of  Liquid  Crystal  Light  Valve  to 
Real  Time  Optical  Data  Processing,"  Opt.  Eng.  17, 371  (1978). 

4.  C.  Warde  ef  al..  "Michrochannel  Spatial  Light  Modulator,"  Opt. 
Lett.  3, 1%  (19781. 

5.  F.  T.  S.  Yu,  Optical  Information  Proeessin/i  (Wiley.  New  York, 
1983). 

6.  F.  T.  S.  Yu.  A.  Tai.  and  H.  Chen,  "Spatial  Filtered  Pseudocolor 
Holographic  Imaging."  J.  Opt.  9,  269  (1978). 

7.  X.  J.  Lu,  “Pseudocolor  Encoding  with  a  White-Light  Processing 
System,"  Opt.  Commun.  48,  13  ( 1983). 

8.  J.  D.  Arm  Wage  and  A.  W.  Lohmann,  “Theta  Modulation  in  Optics." 
Appl.  Opt  4,399  0  965). 


APPLIED  OPTICS  /  Vol.  23,  Nc.22  /  15  November  1984 


124 


SECTION  XVII 

Measurement  of  Noise  Performance 
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Measurement  of  noise  performance  for  a  white-light 
optical  signal  processor 


Francis  T.  S.  Vu,  Le-Nian  Zheng,  and  Fu-Kuo  Hsu 


A  measurement  technique  for  the  noise  performance  of  a  white-light  optical  signal  processor  is  presented. 
The  technique  utilizes  a  scanning  photometer  to  trace  out  the  output  noise  intensity  fluctuation  of  the  opti¬ 
cal  system.  The  effect  of  noise  performance  due  to  noise  perturbation  at  the  input  and  Fourier  planes  is 
measured.  The  experimental  results,  except  for  amplitude  noise  at  the  input  plane,  show  the  claims  for  bet¬ 
ter  noise  immunity,  if  the  optical  system  is  operating  in  the  partially  coherent  regime.  We  have  also  mea¬ 
sured  the  noise  performance  due  to  perturbation  along  the  optical  axis  of  the  system.  The  experimental  re¬ 
sults  show  that  the  resulting  output  SNR  improves  considerably  by  increasing  the  bandwidth  and  source 
size  of  the  illuminator.  The  optimum  noise  immunity  occurs  for  phase  noise  at  the  input  and  output  planes. 
For  amplitude  noise,  the  optimum  SNR  occurs  at  the  Fourier  plane.  In  brief,  the  experimental  results  con¬ 
firm  the  analytical  resulta  that  we  recently  evaluated. 


I.  Introduction 

While-light  optical  processors  are  known  to  perform 
better  in  noisy  conditions  compared  with  coherent  op¬ 
tical  processors,  because  the  artifact  noise  in  the  co¬ 
herent  optical  system  is  unavoidable.  The  analysis  of 
noise  performance  under  coherent  and  partial  coherent 
regimes  has  been  quantitatively  studied  by  Chavel  and 
Lowenthal1  and  Chavel.2  They  show  that  noise  fluc¬ 
tuations  caused  by  the  pupil  plane  can  be  drastically 
reduced  under  broadband  illumination.  They  have  also 
pointed  out  that  the  noise  at  the  object  plane  due  to 
defects  other  than  the  phase  deviations  cannot  be 
suppressed  under  partially  coherent  illumination. 

Recently,  Leith  and  Roth-1  studied  the  noise  perfor¬ 
mance  of  an  achromatic  coherent  optical  processor. 
They  demonstrated  that  such  a  system  shows  consid¬ 
erable  noise  immunity  if  a  broad  spectral  band  source 
is  employed.  More  recently,  we  analyzed  the  perfor¬ 
mance  of  a  white-light  optical  processor  under  noisy 
environment.4-5 

We  have  shown  that  except  for  the  case  when  the 
amplitude  noise  is  present  at  the  input  plane,  the  re¬ 
sulting  output  SNR  improves  considerably  by  in¬ 
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creasing  the  number  of  filter  channels  (or  equivalently 
the  spectral  bandwidth)  and  the  size  of  the  light  source 
employed. 

In  this  paper,  we  shall  experimentally  measure  the 
noise  performance  of  a  white-light  optical  processor. 
We  shall  show  that  the  measured  results  confirm  the 
analytical  predictions.4-5  Aside  from  the  noise  effects 
at  the  input  and  Fourier  planes,  we  have  also  measured 
the  noise  performance  due  to  thin  noise  effects  along  the 
longitudinal  direction  (i.e„  Z  axis)  of  a  white-light  op¬ 
tical  system. 

II.  Noise  Measurement 

The  while-light  optical  signal  processor  to  be  studied 
here  is  described  in  Fig.  1.  The  processor  is  similar  to 
that  of  a  coherent  optical  processor,  except  for  the  use 
of  an  extended  white-light  source,  source  encoding 
mask,  sampling  phase  grating,  and  achromatic  Fourier 
transform  lenses.  The  output  light  intensity  distri¬ 
bution  due  to  the  nth  narrow  spectral  band  spatial  filter 
in  the  Fourier  plane  can  be  determined  by  the  following 
integral  equation4-6: 

/<x',y')*J^  JJ  -yUo.yo) 

5'Uti  +  n  -  A/i’n.yo  + 


2ir 

-1  —  (x'n  +  V$) 

dctdS 

M 

where  7U0 ,y0)  represents  the  intensity  distribution  of 
the  light  source  at  Po,  A hr.  and  Am  are  the  longest  and 
shortest  limiting  wavelengths  of  the  nth  spectra!  band 
filter  Hn{ct,3).  S(x0  +  a  -  A/i'(l,\0  +  3)  is  the  smeared 
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lilnne:  P \.  input  plane:  P>.  Fourier  plnne;  Pi.  output 
plnne:  s(i.y ).  object  transparency;  slit  fil¬ 

ter;  PM,  photometer:  OSC.  oscilloscope:  L.  achro¬ 
matic  transform  lenses. 


Fourier  spectra  of  the  input  object  s(x,y),  Hn(n,8)  is  the 
nth  spectral  band  spatial  filter  corresponding  to  the  nth 
channel  in  the  system,  /  is  the  focal  length  of  the  ach¬ 
romatic  Fourier  transform  lens,  and  no  is  the  spatial 
frequency  of  the  sampling  phase  grating,  which  can  be 
written  as 


T (jti  ' 


(2) 


:  exp(i2ireox). 

We  shall  first  investigate  the  noise  performance  of  the 


proposed  white-light  processor  under  the  spatially  co¬ 
herent  illumination,  i.e.,  the  effects  due  to  source  size. 
For  convenience,  we  assume  that  the  source  irradiance 
is  uniform  over  a  square  aperture  at  source  plane  Po, 
which  can  be  written  as 


7Uo.>o)  *  rect  —  rect 
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where 
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For  simplicity,  we  assume  that  the  input  signal  is  a 
1-D  object  independent  of  the  y  axis.  The  Fourier 
spectrum  would  also  be  1-D  in  the  8  axis  but  smeared 
into  rainbow  colors  along  the  «  direction.  Let  the  width 
of  the  nth  narrow  spectral  band  filter  be  Aan.  If  the 
filter  is  placed  in  the  smeared  Fourier  spectra,  the 
spectral  bandwidth  of  the  filter  can  be  written  as 


AA„  “  A**  A In 


"of 


(4) 
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For  the  noise  measurement  under  temporally  co¬ 
herent  illumination,  we  would  use  a  variable  slit  rep¬ 
resenting  a  broad  spectral  filter  in  the  Fourier  plane. 
The  output  noise  fluctuation  can  be  traced  out  with  a 
linearly  scanned  photometer,  as  illustrated  in  Fig.  1.  It 
is  therefore  apparent  that  the  output  noise  fluctuation 
due  to  spectral  bandwidth  of  the  slit  filter  and  due  to  the 
source  size  can  then  be  separately  determined.  We 
shall  adopt  the  definition  of  output  signal-to-noise  ratio 
(SNR),  as  proposed  in  a  previous  paper,4  for  the  mea¬ 
surement  of  the  noise  performance,  i.e., 


(61 


SNR„(y'l  *  £|/„<v'))/ff, (>'), 

where  /„(>')  is  the  output  irradiance  due  to  the  nth 
channel,  £[•]  denotes  the  ensemble  average,  and  a;;(y') 
is  the  variance  of  the  output  noise  fluctuation,  i.e.. 


<r*(y'>  *  £|/*(y'H  -  |£|/„<y')HJ 


(7) 


Evidently  the  output  intensity  fluctuation  /„(y')  can 
be  traced  out  by  a  linearly  scanned  photometer.  The 
dc  component  of  the  output  traces  is  obviously  the  out 
signal  irradiance  (i.e..  £|/„]),  and  the  mean  square 
fluctuation  of  the  traces  is  the  variance  of  the  output 
noise  (i.e..  cr;).  Thus  we  see  that  the  effect  of  the  output 
SNR  due  to  spectral  bandwidth  (i.e..  temporal  coher¬ 
ence)  and  source  size  (i.e..  spatial  coherence)  can  readily 
be  obtained  with  the  proposed  measurement  tech¬ 
nique. 


The  total  number  of  filter  channels  can  be  deter¬ 
mined, 


(5) 


AA„  Aa, 

where  AX  is  the  spectral  bandwidth  of  the  white-light 
source.  Thus,  we  see  that  the  degree  of  temporal  co¬ 
herence  at  the  Fourier  plane  increases  as  spatial  fre¬ 
quency  of  the  sampling  grating  i’o  increases, 


III.  Experimental  Results 

In  our  experiments,  a  75-W  xenon  arc  lamp  is  used  as 
the  white-light  source.  The  spatial  frequency  of  the 
sampling  phase  grating  used  is  ~50  lines/mm,  the  focal 
length  of  the  achromatic  transform  lenses  is  ~380  mm. 
Both  the  amplitude  and  the  phase  noise  plates  used  in 
the  experiments  are  generated  by  photographing  a  laser 
speckle  pattern,  and  the  phase  plate  is  obtained  with  a 
surface  relieving  technique  through  an  R- 10  bleaching 
process.’  Shower  glass,  for  strong  phase  perturbation, 
is  also  utilized  in  the  experiments.  We  shall  first 
demonstrate  the  noise  performance  due  to  perturbation 
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Fig.  3.  Output  SNR  for  phase  noise  at  the  input  plane  as  a  function 
of  spectral  bandwidth  of  the  slit  filter  for  various  values  of  source 


Fig.  2.  Effect  on  output  image  (with  a  section  of  photometer  traces!  due  to  phase  noise  at  the  input  plane  for  different  spectral  bandwidlhs. 
The  source  size  used  is  0.7  mm  square  (i.e..  a  -  0.7  mmi:  (a)  AA„  ■=  1500  A;  (b)  AA„  -  1000  A;  (c)  AA„  -  500  A. 


at  the  input  plane.  For  the  amplitude  noise  at  the  input 
plane,  the  experiments  have  shown  that  there  is  no 
apparent  improvement  in  noise  performance  under 
partially  coherent  illumination.  The  result  is  quite 
conclusive  with  the  previous  prediction.3-4  However 
for  the  phase  noise  at  the  input  plane,  the  noise  per¬ 
formance  of  the  system  is  largely  improved  with  a  par¬ 
tially  coherent  illumination.  We  shall  first  utilize  a 
weak  phase  model  (obtained  by  laser  speckle  and  a 
photographic  bleaching  process  described  earlier)  as  the 
input  noise.  Now  we  consider  the  situation  of  an  input 
object  transparency  superimposing  with  the  phase  noise 
at  the  input  plane.  The  effect  of  the  noise  performance 
of  the  optical  system  can  then  be  obtained  by  varying 
the  source  size  and  the  spectral  bandwidth  of  the  slit 
filter,  as  described  in  Fig.  1.  Figure  2  shows  a  set  of 
output  photographic  images  together  with  sections  of 
corresponding  photometer  traces  to  illustrate  the  effect 
due  to  spectral  bandwidth  of  the  slit  filter.  From  these 
pictures  we  see  that  the  noise  performance  (i.e.,  SNR) 
improves  as  the  spectral  bandwidth  (i.e.,  temporal  co¬ 
herence!  of  the  slit  filter  increases. 

Quantitative  measurements  of  the  noise  performance 
due  to  phase  noise  at  the  input  plane  are  plotted  in  Figs, 
o  and  4.  From  these  two  figures  we  see  that  the  output 
SNR  increases  monotonically  as  the  spectral  bandwidth 
AX,;  of  the  slit  filter  increases  and  it  linearly  increases 
as  the  source  size  enlarges.  Thus  the  noise  performance 
for  a  partially  coherent  optical  system  improves  as  the 
degree  of  coherence  (i.e.,  temporal  and  spatial  coher¬ 
ence!  relaxes.  In  other  words,  to  improve  the  output 
SNR  of  the  white-light  (i.e..  partially  coherent)  pro¬ 
cessor.  one  can  either  relax  the  spatial  coherence  (i.e.. 
the  source  size (  or  the  temporal  coherence  (i.e.,  the 
spectral  bandwidth  of  the  filter)  or  both  in  the  optical 
processing  system.  We  stress  that  the  experimental 
results  are  quite  compatible  with  the  results  obtained 
in  our  recent  analysis. 4  S 

Let  us  now  demonstrate  the  effect  of  the  noise  per¬ 
formance  due  to  strong  phase  noise.  In  the  experi¬ 
ments.  a  conventional  shower  giass  is  used  as  the  input 
phase  noise.  Figure  5  shows  a  set  of  results  we  obtained 
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Fig.  5.  Effect  of  output  image  due  to  strong  phase  perturbation  at  the  input  plane  ta  =  0.7  mm):  (a)  A\„ 

AX„  =  500  A;  (d)  obtained  with  a  He-Ne  laser. 


3000  A;  (b)  AXn  =  1500  A;  (c) 


Fig.  6.  Output  SNR  for  amplitude  noise  at  the  Fourier  plane  as  a 
function  of  spectral  bandwidth  for  various  source  sizes 


ti iitli*r  vnrimiH  H|»t‘Clnil  bandwidth  illuinimilioiiH.  I'ig- 
ure  5(a)  shows  an  output  result  obtained  under  entire 
hrondbnnd  white-light  illumination.  Although  this 
image  is  somewhat  aberrated  due  to  the  thick  phase 
perturbation,  the  image  is  relatively  immune  from 
random  noise  fluctuation.  Compared  with  the  results 
obtained  from  Figs.  5(a)-(d),  we  see  that  the  output 
SNR  decreases  rather  rapidly  as  the  spectral  bandwidth 
of  the  slit  filter  decreases.  Furthermore,  Fig.  5(d)  shows 
a  result  obtained  with  a  narrowband  coherent  source 
(i.e.,  a  He-Ne  laser).  Aside  from  the  poor  noise  per¬ 


formance,  we  have  noted  that  the  output  image  is  also 
severely  corrupted  by  coherent  artifact  noise. 

We  shall  now  demonstrate  the  noise  performance  of 
a  white-light  optical  processing  system  due  to  noise  at 
the  Fourier  plane.  With  reference  to  the  same  mea¬ 
surement  technique  as  proposed  in  Fig.  1.  the  effects  of 
amplitude  noise  at  the  Fourier  plane  are  plotted  in  Fig. 
6.  In  contrast  with  the  amplitude  noise  at  the  input 
plane,  we  see  that  the  output  SNR  increases  monoton- 
icallv  as  the  spectral  bandwidth  of  the  slit  filter  in¬ 
creases.  The  output  SNR  also  improves  as  the  source 
size  enlarges.  Thus,  for  amplitude  noise  at  the  Fourier 
plane,  the  noise  performance  of  a  white-light  optical 
processor  improves  as  the  degree  of  temporal  and  spatial 
coherence  decreases. 

Figure  7  shows  the  noise  performance  of  a  white-light 
processor  for  phase  noise  at  the  Fourier  plane.  From 
this  figure,  once  again  we  see  that  the  output  SNR  is  n 
munoloiiic  increasing  function  of  spectral  bandwidth 
A\n.  The  SNR  also  increases  as  the  source  size  in¬ 
creases.  However,  compared  with  the  case  of  phase 
noise  at  the  input  plane  of  Fig.  2.  the  improvement  of 
the  noise  performance  is  somewhat  less  effective  com¬ 
pared  with  the  phase  noise  at  the  input  plane.  Once 
again  we  see  that  the  experimental  results  are  compat¬ 
ible  with  the  anaivtical  results  that  we  obtained  in  our 


previous  papers. ^ 

We  shall  now  provide  the  result  of  noise  performance 
due  to  thin  phase  noise  along  the  optical  axis  ti.e..  Z 
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b  ig.  7.  Output  SNR  for  phase  noise  nt  the  Fourier  plane  ns  a  function 
of  source  size  for  various  values  of  spectral  bandwidths. 


Fig.  8.  Variation  of  the  output  SNR  due  to  thin  phase  noise  as  a 
function  of  the  Z  direction  for  various  source  sizes. 


ig.  9.  Variation  of  the  output  SNR  due  to  thin  amplitude  noise  ns 
ii  I  unc  tion  ot  the  V.  direction  (or  various  source  sizes. 


axis)  of  the  optical  system.  Figure  8  shows  the  variation 
of  output  SNR  due  to  phase  noise  inserted  in  various 
planes  of  the  optical  system.  From  this  figure  we  see 
that  the  output  SNR  improves  drastically  for  phase 
noise  inserted  at  the  input  and  output  planes  under 
temporal  and  spatial  partially  coherent  illumination. 
The  noise  performance  is  somewhat  less  effective  for  the 
phase  noise  at  the  Fourier  plane,  even  under  partially 


riilirirnl  illilMiili.il  ion.  Noiicl  IicIosn,  I  lie  pluisc  noise 
at  I  he  1'  mirier  plane  can.  in  principle,  he  totally  eiiini- 

1  if  1 1  >  ■(  I  tunic  r  very  hri  itiillinnrl  illimiiiml  ion,  j|  in,  |,  i,(  ||l(. 

noise  ( liannels  is  nncorrelaled.  We  have  also  noted  that 
the  output  SNR  is  somewhat  lower  for  higher  spatial 
eolierenf  illumination  (i.e.,  smaller  source  si/e).  In 
ol  her  words,  the  output  SNR  can  also  he  improved  wit  h 
extended  source  ilium  mill  inn. 

The  noise  performance,  due  to  amplitude  noise  along 
the  /  axis  of  the  promised  optical  processor,  is  plotted 
in  Fig.  9.  From  this  figure  we  see  that  the  output  SNR 
improves  as  the  noise  prrlnrhnt ion  moved  away  from 
the  input  and  output  planes  and  where  the  optimum 
SNR  occurs  at  the  Fourier  plane.  Again,  we  see  that  the 
output  SNR  is  somewhat  higher  for  larger  source  sizes 
(i.e..  lower  degree  of  spatial  coherence).  However  we 
stress  that  the  noise  performance  cannot  be  improved 
with  partially  coherent  illumination,  if  the  amplitude 
noise  is  placed  at  the  input  or  at  the  output  plane. 

IV.  Summary  and  Conclusion 

We  have  devised  a  technique  for  measuring  the  noise 
performance  of  a  white-light  (i.e..  partially  coherent) 
optical  signal  processor.  We  have  utilized  a  scanning 
photometer  method  to  obtain  the  output  intensity 
traces  of  a  partially  coherent  system  operating  in  noisy 
conditions.  The  effects  of  output  SNR  due  to  the  am¬ 
plitude  and  the  phase  noise  at  the  input  and  Fourier 
planes  were  quantitatively  studied.  The  experimental 
results  show  that  there  has  been  no  improvement  in 
noise  performance  due  to  amplitude  noise  at  the  input 
plane.  However  the  output  SNR  improves  drastically 
for  the  phase  noise  at  the  input  plane  with  a  partially 
coherent  (i.e.,  temporal  and  spatial  coherence)  illumi¬ 
nation.  For  very  strong  input  phase  disturbance,  the 
experiments  show  that  the  output  noise  can  essentially 
he  eliminated,  if  it  is  under  very  broadband  illumina¬ 
tion. 

As  for  the  performance  due  to  noise  at  the  Fourier 
plane,  the  experimental  results  show  that  the  output 
SNR  improves  for  both  the  amplitude  and  phase  noise 
under  a  partially  coherent  regime.  However  the  overall 
improvement  is  somewhat  lower  than  the  effect  due  to 
phase  noise  at  the  input  plane,  under  the  same  partially 
coherent  (i.e..  temporal  and  spatial  coherence)  illumi¬ 
nation. 

We  have  also  measured  the  noise  performance  due  to 
thin  noise  effects  along  the  Z  axis  of  the  optical  pro¬ 
cessing  system.  The  experimental  results  show  that 
optimum  noise  immunity  occurs  for  phase  noist  u  the 
input  and  output  planes,  and  optimum  output  SNR 
occurs  for  amplitude  noise  at  the  Fourier  plane.  The 
results  also  indicate  that  a  higher  output  SNR  can  in 
fact  be  obtained  for  more  relaxed  temporal  and  spatial 
coherence  constraints. 

In  concluding  this  paper  we  stress  that  the  experi¬ 
mental  results  are  quite  compatible  with  the  analytical 
results  that  we  recently  evaluated.4-1' 
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This  paper  describes  a  technique  for  generating  broad  spectral  band  I  ouricr  holograms  with  an  encoded  white  light 
source.  Since  this  technique  utilizes  primary  while-light  construction  and  reconstruction  process,  it  is  quite  suitable  for 
color  I  ourier  hologram  image  reconstruction.  Experimental  results  arc  also  given. 


I .  Introduction 

The  construction  of  Fourier  transform  hologram 
for  a  two-dimensional  object  transparency  with  co¬ 
herent  optics  was  first  introduced  by  Vander  Lugt 
in  1964  in  the  application  to  complex  signal  detection 
( J ).  Since  then  efforts  have  been  made  to  develop 
techniques  for  making  Fourier  holograms  with  inco¬ 
herent  light. 

Recently.  Courjon  and  Bulabois  [2  -4]  had  dem¬ 
onstrated  a  technique  of  producing  Fourier  holograms 
with  a  spatially  incoherent  source.  They  utilized  an  in¬ 
terference  filter  and  a  holographic  transparency  to 
achieve  a  high  degree  of  coherence  illumination  for 
the  Fourier  hologram  construction  and  the  hologram 
image  reconstruction  was  obtained  with  narrow  spec¬ 
tral  band  illumination.  Although  good  experimental 
results  have  been  reported,  however  the  technique  is 
limited  to  monochrome  hologram  image  reconstruc¬ 
tion.  Ferriere  et  al.  [5]  have  also  demonstrated  a  tech¬ 
nique  of  generating  Fourier  holograms  with  an  incoher¬ 
ent  source.  They  utilized  dispersive  prisms  and  a  slit 
filter  to  achieve  a  high  temporal  coherence  (i.e,  nar¬ 
row  hand  illumination)  for  Fourier  hologram  genera¬ 
tion.  Although  positive  results  have  been  repotted  In 
their  article,  however  the  image  quality  is  rather  poor. 
The  major  drawback  of  this  technique  must  be  due  to 
low-liglu  construction  process,  in  which  results  with 
poor  noise  performance. 

In  this  paper  we  shall  describe  a  technique  of  pro¬ 


ducing  a  broad  band  Fourier  hologram  with  a  white- 
light  source.  The  technique  utilizes  a  high  efficient  dis¬ 
persive  grating  and  a  source  encoding  mask  for  the 
Fourier  hologram  generation.  Since  the  hologram  con¬ 
struction  utilizes  all  colors  of  visible  light,  this  tech¬ 
nique  is  suitable  for  color  Fourier  hologram  image  re¬ 
construction. 


2.  Construction  and  reconstruction  process 

We  shall  now  describe  a  technique  of  generating  a 
broad  spectral  band  Fourier  hologram  with  a  white- 
light  processing  technique  (6).  as  schematized  in  fig.  I. 
A  high  diffraction  efficient  phase  grating  is  used  to  dis¬ 
perse  the  spectral  content  of  the  light  source  into  rain¬ 
bow  color  at  the  back  focal  plane  of  the  achromatic 
lens  Lfl.  To  alleviate  the  constraint  of  recording  medi¬ 
um  due  to  limited  dynamic  range,  we  shall  spatially 
sample  the  smeared  optical  light  source  with  periodic 
pinholes  such  that  a  sequence  of  partially  coherent 
sources  for  various  spectral  colors  can  be  obtained  at 
the  source  plane  Pq.  The  intensity  distribution  of  these 
encoded  sources,  for  various  would  be 

,\ 

T(rO-'(l)  =  ^  £  cirn[l*0-.v0  .  (I) 

n*  I 

where  K  is  a  proportionality  constant. 
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rip.  1.  A  technique  of  gencratinp  a  broad  spectral  band 
l  ouricr  hologram  with  a  white-light  source.  S,  white-light 
source. 

cir„|r/ArJ  =  1,  0<r<Ar„, 

=  0,  otherwise  , 

A rn  is  the  radius  of  the  nth  sampling  pinholes, /is  the 
focal  length  of  the  achromatic  lens.  v0  is  the  spatial 
frequency  of  the  phase  grating.  X„  is  the  main  wave¬ 
length  within  the  mh  sampled  source,  and  (*0,  v0)  is 
the  spatial  coordinate  system  of  the  source  plane  P0. 
To  achieve  the  required  spatial  coherence  at  the  input 
plane  Pj .  it  is  apparent  that  the  size  of  the  sampling 
pinholes  should  be  small  compared  with  the  overall 
input  object,  such  as 

Az„  <f\n!h  .  (2) 

where  h  denotes  the  separation  between  the  reference 
point  and  the  input  object  $(*,_>’)  as  shown  in  fig.  1 . 

To  maintain  a  high  temporal  coherence  for  Fourier 
hologram  construction,  it  is  required  that  the  wave¬ 
length  spread  AX„  over  the  nth  sampling  aperture 
should  satisfy  the  following  inequality 

AX„/X„  <  Au/uq  ,  (3) 

where  A v  is  the  spatial  frequency  bandwidth  of  the  in¬ 
put  object  v(.v.  r)  and  is  the  spatial  frequency  of 
the  phase  grating. 

Thus  we  see  that  a  sequence  of  encoded  partially 
coherent  sources  arc  illuminating  the  input  plane  P, . 
Since  the  source  encoding  mask  is  covered  over  a  wide 
spectral  content  of  the  smeared  white-light  source,  it 
is  apparent  that  A'  discrete  Fourier  holograms,  for  dif- 


feient  wavelengths,  can  be  synthesized.  I  cl  us  now  as¬ 
sume  that  the  input  plane  contains  an  object  transpar¬ 
ency  and  a  reference  pinhole,  as  described  in  the  follow¬ 
ing  equation: 

f(x.y)  =  s(x  +  hl2,y)  +  b(x  -  fr!2 ,_v) ,  (4) 

where  s(x.y)  denotes  an  input  object  function.  6 f.v.  t  ) 
denotes  the  Dirac  delta  function,  and  h  is  the  main  sep¬ 
aration  between  the  target  and  the  reference  pinholes. 

It  is  therefore  apparent  that  a  broad  band  Fourier 
hologram  can  be  interferometrically  generated  in  the 
Fourier  plane  P2.  If  we  assume  that  the  holographic 
construction  is  in  the  linear  region  of  the  recording 
emulsion,  the  amplitude  transmittance  distribution  of 
the  recorded  Fourier  hologram  would  be 

N 

H{a,  0)  -  L  {A-1|S(a,0+/i>oXn)|J 

rt  =  -\ 
n*  0 

+  a:2I5(q,  ^  +  /v0x„)i 

X  cos[(2rr h/\nf)a  +  <p( a, 0  +/V0X„)] }  ,  (5) 

where  K j  and  A'2  are  arbitrarily  proportional  constants. 
5(q.  0:  X„)  is  the  Fourier  spectrum  of  input  object  func¬ 
tion  s(x,y;Xn),  (a,  0)  is  the  spatial  coordinate  system 
of  the  Fourier  plane,  X„  is  the  main  wavelength  of  the 
nth  quasi  monochromatic  coherent  source, /is  the  focal 
length  of  the  achromatic  transform  lens  L2.  and  i>0  is 
the  spatial  frequency  of  the  grating. 


Fig.  2.  l  ourier  hologram  image  reconstruction  with  while- 
light  processing. 
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ll  Is  Intcirsl lug  In  iinlc  licit  II  t lie  bioad  hand  holo¬ 
gram  //(a.  0)  is  ilhiminalcd  by  a  beam  of  encoded  white- 
light  wwncc  (shown  In  tig.  2)  such  as 


/■  (a,  P:\)  =  C  Z/  cirn(a.^ +/n0X„;  X) ,  (6) 

n--  N 


where  C  is  a  complex  proportionality  constant,  then  the 
complex  light  field  at  the  output  plane  would  be 


g(x,y:\)  =  / /  £■(<*, *;*)//( a.  13) 


X  expl-i(2ff/X/)(at  +  jlr)]  da  d#  . 


By  substituting  eqs.  (5)  and  (6)  into  eq.  (7),  we  have 
g(x,y;X) 


=  T/  Ci5(x,y;  X)  *  s(x,y\  X„)  *  s’(~x,  -v;  X„) 

n  =  1 


+  £  C26(ar,^;X)  *  [s(jr  +  h,y\  X„) 
n  =  \ 


+  s'{-x  +h,  -y;X„)]  , 


where  Cj  and  C2  are  complex  constants,  *  denotes  the 
convolution  operation  and  the  superscript  *  represents 
the  complex  conjunction.  The  corresponding  output 
irradiance  can  be  shown  as 


/(x,y)s  /a*  lg(x,.v,  X)|*dX,  for  n  *  1,2, ...  A'. 

"  (9) 

which  is  approximated  by 


/(x,y)==  AX„  £  {Kls(x,y;\n)  •  s’(x,y:\„) 
n  =  1 


+ /:2[1j(x  +/i,y;X„)|2  +  |j(x  -  h,y.  X„)[2] } , 


where  Aj  and  A'2  are  proportionality  constants.  *  de¬ 
notes  the  correlation  operation.  From  this  equation 
we  see  that  two  hologram  images  of  s(jc._v)  would  be 
diffracted  around  x  -  ±h  at  the  output  image  plane  of 
Hg.  2. 


.1.  Experimental  result 


We  would  now  provide  a  couple  of  experimental  re¬ 
sells  obtained  with  the  proposed  while-light  l  ouricr 
holographic  process.  In  our  experiments,  a  75-W 
xenon  arc  lamp  with  a  1  mm  square  pinhole  is  user  I  as 
a  while-light  source.  A  sinusoidal  phase  grating  of  about 
1 10  lines/mm.  with  25%  diffraction  efficiency  for  the 
first-order  diffraction,  is  used  to  disperse  the  spectral 
content  of  the  light  source.  The  achromatic  transform 
lenses  used  are  about  750  cm  focal  length.  The  source 
encoding  mask  composes  a  set  of  periodic  circular  pin¬ 
holes  of  about  40  pm  and  their  spacing  is  about  2.5  mm. 
The  separation  between  the  reference  aperture  and  the 
input  target  object  is  about  8  mm.  The  size  of  the  refer¬ 
ence  aperture  is  roughly  about  300  pm. 

We  shall  now  show'  a  couple  of  Fourier  hologram 
images  obtained  with  this  white-light  processing  tech¬ 
nique.  Fig.  3(a)  shows  a  gray  scale  object,  with  a  ref¬ 
erence  pinhole,  used  as  an  input  transparency.  A  broad¬ 
band  Fourier  hologram  is  generated  as  shown  in  the  en¬ 
larged  photograph  of  fig.  3(b).  Fig.  3(c)  shows  a  pair 
of  twine  holographic  images  obtained  with  this  tech¬ 
nique.  As  compared  with  the  original  object,  the  fea¬ 
ture  of  the  hologram  image  can  readily  be  seen,  al¬ 
though  the  image  quality  is  still  needed  to  improve. 

One  of  the  features  of  the  white-light  Fourier  holo¬ 
graphy  must  be  the  color  image  reconstruction.  Fig. 

4(a)  shows  a  set  of  binary  color  English  characters, 
with  a  reference  pinhole,  used  as  input  object  to  gener¬ 
ate  a  broad-b3nd  color  Fourier  hologram.  Fig.  4(b) 
shows  a  pair  of  color  holographic  images  obtained 
with  this  technique.  Although  the  image  quality  of 
this  result  is  still  somewhat  poor,  however  as  compared 
with  the  original  transparency,  the  color  reproduction 
is  rather  faithful.  Nevertheless,  this  result  may  be  the 
first  white-light  colour  Fourier  hologram  image  that  is  • 
ever  reconstructed. 


4.  Conclusion 


Wc  have  described  a  technique  of  generating  a 
broad  spectral  band  (i.e . .  white-light)  Fourier  holo¬ 
gram.  The  technique  utilizes  Sight  dispersion  and 
source  sampling  method  to  obtain  a  set  of  narrow- 
band  partially  coherent  sources  for  the  hologram 
construction  process.  Since  the  technique  utilizes 


. '  <  e.  ■' -  ’'-X.V.  *  - 


Fig.  4  Color  hologram  image,  (a)  Input  object  with  reference  pinhole,  (b)  Color  Fourier  hologram  images. 
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white-light  illuniination.it  is  quite  suitable  for  color 
l-mitici  holographic  huaguig. 
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White-light  optical  speech  spectrogram  generation 

* 

F.  T.  S.  Yu,  T.  W.  Un,  and  K.  B.  Xu 


A  white-light  optical  processing  technique  of  generating  speech  spectrogram  is  presented.  The  speech  spec¬ 
trograms  thus  generated  are  frequency  color-coded  resulting  in  easier  visual  discrimination  The  temporal- 
to-spatial  conversion  of  speech  signal  is  accomplished  by  means  of  density  modulation  with  a  CRT  scanner. 
The  scaling  procedure  of  the  speech  spectrogram  as  well  as  the  frequency  resolution  limit  of  the  system  is 
discussed.  Experimental  demonstrations  of  the  proposed  frequency  color  coded  speech  spectrograms  gen¬ 
erated  by  the  proposed  white-light  optical  processing  technique  are  given. 


I.  Introduction 

Since  development  of  the  first  electronic  sound 
spectrograph  by  Bell  Telephone  Laboratories  nearly 
four  decades  ago,1  great  strides  have  been  made  in  the 
field  of  speech  analysis.  The  electronically  generated 
sound  spectrograph  has  been  widely  used  for  various 
applications  including  such  areas  as  linguistics,  pho¬ 
netics,  speech  synthesis,  and  speech  recognition. 
However,  an  optical  system  utilizing  the  Fourier 
transform  properties  of  the  positive  lens  offers  a  viable 
alternative  to  the  electronic  counterpart.  The  multi¬ 
channel  optical  processor  suggested  by  Cutrona  et  al ,2 
was  found  to  be  able  to  utilize  efficiently  the  2-D  nature 
of  an  optical  system.  Moreover,  by  sacrificing  the 
multichannel  capability  of  such  a  processor,  Thomas3 
pointed  out  the  feasibility  of  generating  a  near  real  time 
spectrum  analysis  for  large  space-bandwidth  signal. 
Later  Yu4  reinforced  Thomas’s  concept  in  the  synthesis 
of  a  coherent  optical  sound  spectrograph.  He  pointed 
out  that  a  near  real  time  optical  sound  spectrograph  can 
be  designed  and  constructed  at  a  competitively  low 
cost.5 

In  this  paper,  we  will  describe  a  technique  of  gener¬ 
ating  multicolor  speech  spectrograms  with  a  white-light 
optical  processor.  This  technique  utilizes  a  cathode  ray 
tube  (CRTJ  scanner  density  modulator  to  convert  a 
temporal  signal  to  a  spatial  signal  that  is  suitable  for 
white-light  signal  processing.  To  obtain  a  color-coded 
speech  spectrogram,  a  dispersive  element  such  as  a 
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grating  (or  prism)  can  be  used  at  the  input  plane  of  the 
processor.  In  frequency  color  encoding,  a  narrow  slit 
is  placed  over  the  smeared  color  signal  spectra  at  the 
Fourier  plane  so  that  a  frequency  color  encoded  spec¬ 
trogram  can  be  recorded.  In  the  following,  we  shall 
describe  the  basic  performance  of  this  white-light  op¬ 
tical  spectrum  analyzer  as  applied  to  speech  signals. 
The  frequency  resolution  limit  of  the  system  as  well  as 
the  frequency  scaling  of  the  spectrogram  will  be  given. 
Experimental  demonstrations  of  the  color-coded  speech 
spectrograms,  obtained  with  the  white-light  processing 
technique,  will  be  provided. 

II.  Temporal-Spatial  Signal  Conversion 

It  is  well  known  that  an  optical  processor  is  capable 
of  performing  2-D  spatial  Fourier  transformation. 
However,  the  processing  of  time  signals  by  optical 
means  necessitates  the  transformation  of  the  signals  tQ 
a  2-D  spatial  format.  Generally  speaking,  there  are  two 
ways  of  performing  this  conversion,  namely,  the  density 
and  the  area  modulation  techniques.6  Nevertheless, 
the  density  modulation  method  is  the  simplest  and  most 
commonly  used  technique  in  practice.7  We  shall  use 
a  density  modulation  technique  for  temporal-to-spatial 
signal  conversion  and  also  show  that  the  temporal- 
spatial  formats  obtained  from  this  technique  are  very- 
suitable  for  color-coded  spectrogram  generation  with 
a  white-light  source. 

The  conversion  can  be  obtained  by  displaying  the 
time  signal  with  a  CRT  scanner  and  then  recorded  on 
a  moving  photographic  film.  In  other  words,  the  time 
signal  is  first  applied  to  the  Z  axis  of  a  high-resolution 
CRT  scanner  to  produce  an  intensity  modulated  elec¬ 
tron  beam  so  that  the  fluorescence  light  intensity  varies 
linearly  with  the  input  signal  voltage.  Since  the  signal 
voltage  is  usually  a  bipolar  function  and  the  light  in¬ 
tensity  is  a  positive  real  quantity,  an  appropriate  bias 
should  be  added  with  the  time  signal  to  produce  a 
density  modulated  signal.  To  ensure  a  linear  density 
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inixlulnli’d  Minimi,  I  In*  inptil  signal  nIihuIiI  In<  willed 
down  within  llic  linear  region  of  the  t'l{T  wanner. 
Fur  I  liei  nit  ni<,  n  rum  1 1  I  him  I  ion  in  It’ll  inlo  I  ln<  V  mlniif 
the  CUT  scunner  to  produce  the  vertical  sweep.  To 
mnintnin  the  uniformity  of  sweep  intensity,  the  scan 
rale  should  lie  set  considerulilv  higher  than  the  maxi¬ 
mum  frec|nency  content  of  the  input  signal.  'I’hus  t  he 
signal  would  4ie  displayed  on  the  CUT  screen  us  a  uni¬ 
form  intensity  scan  at  each  vertical  sweep.  Conse¬ 
quently,  a  spatially  recorded  format,  whose  amplitude 
transmittance  is  linearly  proportional  to  the  intensity 
of  CUT  display,  can  he  produced  by  imaging  the  CUT 
display  onto  a  moving  photographic  film.  Figure  1(a) 
shows  the  schematic  diagram  of  the  conversion  process. 
The  recorded  format,  as  typified  in  Fig.  1(b),  can  then 
be  inserted  into  the  input  plane  of  the  optical  processor 
for  spectrogram  generation. 

In  the  time-spatial  conversion  recording,  the  speed 
of  t  he  recording  film  limits  the  highest-frequency  con¬ 
tent  of  the  signal  to  be  recorded.  For  example,  if  the 
highest  frequency  content  of  the  signal  is  v  cps,  the 
speed  of  the  film  motion  should  be 

v  >v/R,  (1) 

where  R  is  the  spatial  frequency  limit  of  the  film.  Thus 
it  is  apparent  that  to  resolve  the  highest  frequency 
content  of  the  recorded  format,  the  speed  of  the  re¬ 
cording  fdm  should  be  so  adjusted  higher  than  the  ratio 
of  v/R.  Unfortunately,  the  finite  optical  processing 
window  would  set  the  speed  limit  of  the  recording  Film. 
A  higher  speed  of  the  recording  film  would  result  in  a 
lower  frequency  resolution  of  the  spectrogram  genera¬ 
tion,  thus  corresponding  to  a  wideband  spectrogram 
analysis.8  However,  this  drawback  may  be  alleviated 
by  utilizing  a  higher-resolution  CRT  scanner.  Never¬ 
theless.  in  practice,  a  higher-resolution  CRT  tends  to 
be  more  expensive.  Moreover,  the  frequency  resolution 
of  the  optical  processor  is  also  limited  by  the  source  size 
as  well  as  the  point  spread  function  of  the  imaging  lens 
and,  of  course,  the  width  of  the  optical  window  in  the 
processor.  Thus  the  speed  of  recording  film  should  be 
restricted  by  the  following  inequality: 

v  <  Wu,,  (2) 

where  W  is  the  width  of  the  optical  window  of  the  pro¬ 
cessor  and  i>i  is  the  lowest  frequency  limit. 

III.  System  Analysis 

Let  us  now  discuss  n  white-light  optical  spectrum 
analyzer  as  depicted  in  Fig.  2,  where  Lj,  L2,  and  La  are 
uchromalic  Fourier  transform  lenses.  If  the  recorded 
format  of  a  time-spatial  signal,  as  described  in  Sec.  II, 
is  loaded  in  a  linear  motion  film  transport  at  the  input 
plane  of  the  processor,  a  slanted  set  of  rainbow  smeared 
Fourier  spectra  in  the  Fourier  plane  can  be  observed. 
We  note  that  the  effect  of  the  phase  grating  at  the  input 
plane  is  to  disperse  the  signal  spectra  in  a  direction 
perpendicular  to  the  recorded  input  format  (i.e.,  di¬ 
rection  of  the  film  motion),  so  that  a  set  of  nonover¬ 
lapping  slanted  (or  fan-shaped)  rainbow  color  smear 
spectra  can  be  displayed  at  the  Fourier  plane.  It  is  now 


<b) 

Fig.  1.  (a)  Temporal-to-spalial  signal  conversion.  L,  imaging  lens, 

(b)  Segment  of  recorded  format. 


UK  MOLE 


Fig.  2.  White-light  optical  sound  spectrograph.  L,  achromatic 
transform  lens. 


apparent  that,  if  a  slanted  narrow  slit  is  properly  utilized 
nt  the  Fourier  plane,  ns  illustrated  in  the  figure,  a  fre¬ 
quency  color-coded  spect  rogram  can  he  recorded  at  the 
output  plum;,  with  a  moving  color  film.  The  color- 
coded  spectrographic  signal  can  also  be  picked  up  by  a 
color  TV  enmern  for  displaying,  storage,  transmission, 
and  further  processing  by  electronic  or  digital  system. 
We  further  note  that,  by  simply  varying  the  width  of  the 
input  optical  window,  one  would  expect  to  obtain  the 
so-called  wideband  and  narrowband  spectrograms.  In 
other  words,  if  a  broader  optical  window  is  utilized  for 
the  spectrogram  generation,  a  high  spectral  resolution, 
corresponding  to  a  narrowband  spectrogram,  can  he 
obtained. 
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However.  l>v  increieuug (  lie  sped  ml  resolution  ol  I  lie 
sped rognim.  we  would  expect  In  lose  |ln«  spatial  (i.e., 

I  imr)  i  rot  tint  it  hi  (  i  in  vim  nt' I  y ,  i  I  I  lit' t  ■)  >1  it  nl  window  in 

narrower,  wliicii  corresponds  In  a  widelmnd  analysis,  a 
loss  of  spectral  resolution  is  expected.  However,  loss 
nl  1  lie  sped  ral  resol  ul  ion  improves  I  lie  I  ime  resolution 
of  the  spectrogram.  This  lime  liandwidlh  relationship 
is  in  lndxlhe  consequence  of  llie  Heisenberg's  uncer¬ 
tainty  relation  in  quantum  mechanics.9 

For  simplicity  in  analysis,  we  let  the  light  source  he 
a  square  white-light  source.  The  source  irradiance  may 
he  written  us 


y(xn.>V.X>  =  SIX)  rect  |^|  rect  |^|  •  (3) 

where  SIX)  is  the  spectral  distribution  of  the  light 
source,  b  denotes  the  size  of  the  square  source,  and 

T|x|  <6. 

0.  otherwise. 

With  reference  to  Wolf  s  partial  coherence  theory10  the 
mutual  coherence  function  at  the  input  plane  P\  of  the 
spectrum  analyzer  of  Fig.  2  would  be 


n x ! , v  i  :x  2,}  2\  X )  -  JJ  T-(xo.>o;X) 


2  IT 


■expj-i  —  |x0(xi  -  xj) 
N 


+  >o(.vi  -  yj)| 


dxodyo. 


(4) 


liicncc,  and  (//,</)  is  I  lie  angular  spatial  liequencv 
coordinate  svslem  which  can  lie  written  as  />  t  2nn/fX, 
i  /  ~  «  /(//X ,  mill  iir  J  t)  in  t  lu*  wpnt  ini  eottr  iliiiiil  tir  nynlfin 

of  the  Fourier  plane  /V 

Uv  properly  substituting  Eq.  (fd  into  Kq.  (7)  and  in¬ 
tegrating  over  the  V|  and  y-.i  variables,  we  have 


npi,(/i;p2.(<2:X) 


.*? ( X  >  reel 


2nb 


•  Jj  sine 


irhh  i  -  i  /) 

V 


(UitCtxP 


•  reel 


•exp|-i(X|Pi  -  i2P2'|dx|di2 


(81 


For  simplicity  of  illustration,  we  assume  that  the 
input  format  is  a  single  sinusoidal  signal,  i.e., 


t(x)  =  1  +  cos(pnx)  for  ally,  (9) 

where  p(l  is  the  spatial  frequency  of  the  sinusoid.  Since 
the  cosine  function  of  Eq.  (9)  can  be  written  into  two 
exponential  functions,  we  focus  our  attention  merely  to 
one  of  the  diffraction  order,  that  is, 


l(X|)t*(x2)  ■  exp|ip„lxi  -  x2))  (10) 

By  substituting  Eq.  (10)  into  Eq.  (8),  we  obtain 


where  the  integration  is  over  the  source  irradiance.  By 
carrying  out  the  integration,  the  mutual  coherence 
function  at  plane  P i  becomes 


where 


r(;ci,yi;x2,y2:X) 


KS(X)  sine 


irb(x  i  ~  X;)' 
.  X/ 


•  sine 


rrb(V|  -  y 2) 

X/ 


(5) 


F(pi,(Ji;P2,<J2:X)  *  S(X)  reel 


•  JJ  sine 


•rect  rect  ^  exp|-i(xip,  -  X2P2)ldx,dx2. 
UV)  \WI 


,  ,  .Vi  ,  V: 

x 't  1  ~ 9n 


2irb 
irbtij  -  x2) 


■  *<<?!—  Qa> 


X/ 


exp|ipn(xi  -  x2)) 


sincfiry) 


.  sin( rrx ) 


and  K  is  an  appropriate  constant. 

Now,  if  the  time-spatial  signal  format  is  inserted  at 
the  input  plane  P\  of  the  processor,  the  mutual  coher¬ 
ence  function  behind  the  input  plane  would  be 


r'(X|,yi;x2.y2:X)  *  r(xi,yi,x2,y2;X)  exp|t<?n(yi  -  y2)| 

•  t  (x i )f *(x2)  rect  rect  •  (6) 

where  the  exponential  factor  represents  the  phase 
transform  of  the  1-D  phase  grating,  r/n  is  the  angular 
spatial  frequency  of  the  grating,  Ux)  is  the  amplitude 
transmittance  function  of  the  recorded  format,  and  W 
is  the  width  of  the  input  optical  window  as  shown  in  the 
figure.  Thus  it  is  apparent  that  the  mutual  coherence 
function  arriving  at  the  Fourier  plane  Pi  would  be 


r(pi,<?i;p2,<}2;X)  ■  JJJjr,(xi.yI;x2.y2;X) 

•  exp[-i(x ipt  +  yu/,  -  x 2P2  -  y2(?2)| 

•  dx  \d\  tflX2flV2‘  (7) 

where  the  proportional  constant  is  ignored  for  conve- 


Since  the  interest  is  centered  at  the  output  irradiance,  * 
by  letting  pj  =  p2  =  p  and  qt  =  q2  =  q,  the  irradiance 
at  the  Fourier  plane  would  be 


/(p.<?;X) 


SIX) rect 


Xpg  -  q p) 
2irb 


/(p). 


(12) 


where 


/tp) 


7Tfe(x  j  ~  lot 

sine 

X/ 

exp|ipn(x,  -  x 2) | 
xp|-i(i  |  -  i  ,t(i  1  (I'll 


To  investigate  the  variation  of  the  output  irradiance 
due  to  the  width  of  the  input  optical  window,  Fig.  3 
shows  a  plot  of  the  normalized  intensity  variation  of  Eq. 
(13)  for  two  values  of  IF.  From  this  figure  we  see  that 
a  narrower  spread  of  output  irradiance  corresponds  to 
a  broader  optical  window  W  at  the  input  plane.  Thus 
a  narrowband  spectrogram  can  be  generated  in  this 
manner.  On  the  contrary,  if  a  narrower  optical  window 
is  utilized,  a  broader  spread  of  the  output  irradiance  is 
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Fig.  3.  Normalized  output  spectral  distribution  as  a  function  of  input 
frequency  for  two  sizes  of  optical  windows. 


expected.  Thus  a  wideband  spectrogram  may  be  gen¬ 
erated  with  a  narrow  optical  window. 

To  have  a  better  understanding  of  Eq.  (12),  two  ex¬ 
treme  cases  of  the  light  source  will  be  discussed  in  the 
following: 

(a)  If  we  assume  that  the  broadband  light  source  is 
vanishingly  small  (i.e.,  b  —  0),  then 


Trb(x  i  -  z2) 

sine 

and  Eq.  (12)  takes  the  form 


Hp.q-.X ) 


SIX)  rect 


V(<7  ~  <?o> 

2rr6 


•  W2  sinc2(tr  W{p  -  p0)|. 


(14) 


This  result  describes  a  completely  spatially  coherent 
illumination. 

(b)  On  the  other  hand,  if  the  light  source  becomes 
infinitely  large  (i.e.,  b  -*  ®),  then 


lim  sine 
o  -o 


irbu  1  -  X;) 

A/ 


Ko(l  1  -  I2>, 


where  K  is  an  appropriate  constant,  and  Eq.  (12)  be¬ 
comes 


/(p.<j;X)  =  SlXl  rect 


X/(g  -  Co) 
2irb 


W 2. 


(15) 


This  result  corresponds  to  a  completely  spatially  inco¬ 
herent  illumination  Nevertheless,  the  proposed 
white-light  spectrum  analyzer,  as  can  be  seen,  is  oper¬ 
ating  in  a  partially  coherent  mode. 


IV.  Frequency  Calibration  and  Resolution 

We  shall  now  discuss  the  frequency  calibration  of  the 
proposed  white-light  optical  speech  spectrogram.  The 
accuracy  of  the  frequency  measurement  depends  on  the 
width  of  the  input  optica!  window  as  well  as  the  width 
of  the  sampling  slit  at  the  Fourier  plane.  By  adjusting 
-these  parameters,  a  properly  calibrated  speech  spec¬ 
trogram  can  he  generated  at  the  output  plane. 

Let  us  assume  that  the  transform  lenses  are  achro¬ 
matic  (i.e..  Of /OX  =  0)  and  the  angular  spatial  frequency 
of  the  input  phase  grating  is  qfl.  Thus  we  see  that  the 


Fourier  spectrum  ol  the  phuse  grating  would  be  dif¬ 
fracted  at 

It  «  I  Kllln  ii/„.  I  Mil 

where  f  is  I  he  local  lengl  h  of  I  lie  nhcroinat  ic  |  rnnsform 
lens.  Since  Eq.  (Hi)  is  linearly  proportional  to  the 
wnvrlenglh  of  (hr  light  source,  n  rainbow  color  of 
smeared  sped  ra  can  be  observed  along  the  fi  axis  in  I  he 
Fourier  plane  P  >.  For  simplicity,  we  assume  that  input 
format  is  a  single  sinusoid  of  spatial  frequency  p0;  then 
the  Fourier  spectra  points  are  located  at 

x/  ' 

n  *  ±  —  p o-  (dl 

2ir 

For  convenience,  we  use  the  positive  value  of  Eq.  (17) 
in  our  discussion.  By  taking  the  ratio  of  Eqs.  (16)  and 
(17),  we  have 


p  n  , 

a*  —  0.  (18) 

Qo 

where  we  assume  that  po  «  q o,  and  q o  is  the  spatial 
frequency  of  the  phase  grating.  Thus  we  see  that  the 
frequency  locus  of  the  input  signal  can  be  properly 
traced  out  in  the  Fourier  plane.  In  view  of  Eqs.  ( 16)  and 
( 17),  and  the  fact  that  qo  »  Po,  we  further  see  that  the 
spectrum  of  the  input  signal  would  disperse  into  a 
rainbow  color  at  a  slanted  angle  in  the  Fourier  plane.  It 
is,  therefore,  apparent  that,  if  a  narrow  masking  slit  is 
properly  utilized  in  the  Fourier  plane,  a  frequency 
color -coded  spectrogram  can  be  obtained  at  the  output 
plane. 

Now  let  us  suppose  that  the  masking  slit  can  be  de¬ 
scribed  as 

/3  =  —  qo  +  n  ian>,  •  (19) 

2r 

where  X0  denotes  the  upper  or  lower  limit  of  the  source 
wavelength  depending  on  the  slit  orientation,  and  tany 
is  the  slope  of  the  slit.  By  substituting  Eqs.  (16)  and 
(17)  into  Eq.  (19),  we  have 

Qp(  A  — 

Po  «  — -  • 

A  tatvy 

which  can  be  written  as 

Pn!  Cr>(*  -  Xdll 

r  =  - — -  .  120) 

It  2 ~K  lan-y 

where  v  is  the  time  frequency  of  the  input  signal.  Thus 
we  see  that  the  temporal  frequency  of  the  input  signal 
and  the  spectral  wavelength  of  the  light  source  form  a 
nonlinear  function,  as  plotted  in  Fig.  4(a).  Figure  4(b) 
shows  the  experimental  result  to  ((infirm  this  rela¬ 
tionship.  Nevertheless  this  nonlinearity  of  fre¬ 
quency-spectral  wavelength  relationship  can  be  lin¬ 
earized  by  using  an  appropriate  curve  slit  instead  of  a 
linear  one  in  the  Fourier  plane. 

We  shall  now  discuss  the  frequency  resolution  of  the 
proposed  system.  We  note  that  the  frequency  resolu¬ 
tion  is  primarily  limited  by  the  width  of  the  input  op¬ 
tical  window,  the  source  size,  and  the  width  of  the 
sampling  slit  in  the  Fourier  plane.  To  investigate  these 
effects,  we  assume  tnat  tne  size  of  the  white-iight  source 
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WAVELENGTH 


I 


WAVELENGTH  (NM) 


Fig.  4.  Variation  of  input  frequency  vs  spectral  wavelength  of  the 
light  source:  (a)  calculated  result;  (b)  experimental  result. 


is  b.  Then  the  size  of  a  point  spread  image  would  be 


b'  =  bf/r. 


where  /'  and  f  are  the  focal  lengths  of  collimating  and 
achromatic  Fourier  transform  lenses,  respectively. 
Thus  the  width  of  the  point  spread  image  at  the  spatial 
frequency  plane  would  be 


b'  be 

Aiq  =  —  v  =*  — 

X/  Xf 


Since  the  width  of  input  optical  window  affects  the 
spectral  resolution  of  the  processor,  the  width  of  the 
spectral  lines  in  hertz  for  a  point  source  is 


Ai-j  «  c/W, 


where  v  is  the  speed  of  the  film  motion,  and  W  is  the 
width  of  the  input  optical  window. 

For  simplicity,  we  shall  treat  these  two  factors  (i.e., 
source  size  and  width  of  optical  window)  independently. 
It  is  apparent  that  the  spread  of  the  smeared  spectral 
line  (i.e.,  frequency  resolution)  of  the  system  can  be 
approximated  by  the  following  equation: 


|(Al’,t3  +  (Al'jl3|l/3  -  V  — ; 


As  an  example,  if  we  let  v  =  195  mm/sec,  b  =  90  um.  \ 
=  0.55  ^m,  W  =  35  mm.  and  {'  -  762  mm.  the  frequency 
spread  of  the  proposed  optical  spectrum  analyzer  is  Ar 
=  42  Hz.  which  corresponds  to  a  narrowband  analysis 
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Fig.  5.  Determination  of  the  output  spectral  resolution. 


(o.g.,  narrowband  speech  spectrogram).  However,  we 
see  that  the  overall  output  resolution  of  the  spectral 
spread  is  determined  hy  the  width  and  orientation  of  the 
sampling  slit  at  the  Fourier  plane,  as  illustrated  in  Fig. 
5.  Thus  the  effective  output  frequency  resolution  can 
be  shown  as 


Ac,  =  t(h,  +  b2)  «=  - - - + - - -  .  125) 

|sin(>  -  </>)  tanly  -  «l| 

where  W,.  and  W,  are  the  width  of  the  smeared  fre¬ 
quency  spectral  line  and  the  width  of  the  sampling  slit, 
f  is  an  appropriate  conversion  factor,  and  y  and  <t>  are 
defined  in  the  figure. 

From  this  equation  we  see  that  the  effective  output 
frequency  resolution  is  proportional  to  the  diagonal 
region  of  the  spectral  line  that  intersects  the  sampling 
slit,  as  shown  in  the  shaded  area.  Therefore,  the  overall 
output  frequency  resolution  is  somewhat  lower  than  the 
width  of  the  smeared  spectral  line,  i.e.. 


Ac,  2;  Ac 


This  is  the  price  of  the  color  encoding.  Nevertheless 
the  price  we  paid  is  considered  small  compared  with  the 
advantages  we  gained  from  the  white-light  pro¬ 
cessing. 


V.  Experimental  Demonstrations 


In  our  experiments,  a  75-W  xenon  arc  lamp  with  a 
90-^m  pinhole  was  used  as  a  white-light  source.  A 
phase  grating  of  80  lines/mm  was  used  as  a  dispersive 
element  at  the  input  plane.  A  narrow  slit  of  ~70  nm  is 
inserted  in  the  Fourier  plane  for  color  encoding.  The 
focal  length  of  the  achromatic  transform  lens  was  ~350 


In  the  experimental  demonstration,  we  show  two  sets 
of  color-coded  speech  spectrograms  obtained  with  this 
technique,  as  depicted  in  Figs.  6  and  7.  The  frequency 
contents  of  these  spectrograms  are  encoded  in  rainbow 
color  from  red  to  blue  for  upper  to  lower  frequencies. 
These  spectrograms  were  produced  by  a  sequence  of 
English  words,  testing,  one.  two,  three,  four,  spoken  by 
a  male  and  a  female  voice,  respectively.  Figure  6  shows 
a  set  of  narrowband  speech  spectrograms  representing 
a  45-Hz  bandwidth  resolution.  Figure  7  illustrates  a  set 
of  wideband  speech  spectrograms  with  a  300-Hz 
bandwidth  analysis.  From  these  sets  of  spectrograms, 
we  see  that  the  basic  structure  of  the  spectrographic 
contents  is  preserved.  The  characterization  of  the 
formant  variation  can  readily  be  identified.  Since  Fig. 
6tal  is  produced  by  a  low-pitched  voice  (i.e.,  maleri.  the 
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Time  ( SEC) 
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Black-and-white  photographs  of  narrowband  color-coded 
i  spectrograms  (~45-Hz  bandwidth):  (a )  obtained  with  a  male 
voice;  (b)  obtained  with  a  female  voice. 


C  06  -| 
u.  C.2  J 


TIME  (SEC) 

(a) 


time  'seo 
(b) 


Fig.  7.  Black-and-white  pictures  of  wideband  color-coded  speech 
spectrograms  t~300-Rz  handwidth):  (a)  generated  by  a  male  voice; 
(b)  generated  by  a  female  voice. 


n|>i't'l ruprnni.i  nl  !■' ijy .  7  hip  rii| »nl •)«*  <•!  rpnnlviiig  | hr  I  imr 
resolution,  but  it  fails  In  resolve  I  he  sport  rn I  lines’  We 
l ml e  I  linl  I  ho  I  rm linp  of  I  i mo  null  froi|i loiu  v  rom dill  imio 
hrl  wren  I  lie  wiilr  noil  nnrrow  h|mtI  rogriiinn  is  essenl  inlly 
the  well-known  ArA(  concept  in  the  cominuniealion 
theory  (i.e.,  ArAf  >  I ),  which  is  related  In  (lie  famous 
Heisenberg's  uncertainty  principle”  in  qunntum  mo- 
chnnicM. 


VI.  Conclusion 


In  this  paper,  we  have  presented  a  method  of  gener¬ 
ating  n  continuous  frequency  color-coded  speech  spec¬ 
trogram  with  a  white-light  processing  technioque.  The 
proposed  system  not  only  offers  a  low-cost  alternative 
but  also  eliminates  the  coherent  artifact  noise.  More¬ 
over,  the  multicolor  display  of  the  spectrogram  is 
adapted  to  the  natural  sensitivity  of  human  eyes  and 
thereby  provides  improved  visual  discrimination. 
Nevertheless,  we  want  to  stress  that  due  to  the  very 
limited  resolution  of  the  CRT  scanner  used  in  our  ex¬ 
periments,  the  results  that  we  obtained  only  extended 
to  1.6  kHz.  This  limitation  is  more  pronounced  for  a 
wideband  spectrographic  analysis,  which  is  primarily 
due  to  low-light  performance  of  narrower  optical  win¬ 
dow  used  at  the  object  plane.  However,  to  our  experi¬ 
ence,  if  a  higher-resolution  CRT  scanner  is  utilized,  the 
frequency  range  can  easily  push  up  to  4  kHz.  This 
frequency  range  is  commonly  used  for  most  telephonic 
systems. 


spectrogram  shows  more  abundant  harmonics  as  com¬ 
pared  with  the  high-pitched  voice  in  Fig.  6(h). 

It  is  worthwhile  to  mention  that  although  the  nar¬ 
rowband  spectrogram  is  capable  of  resolving  the  spec¬ 
tral  contents  of  a  speech,  it  loses  the  time  strinlion,  ns 
can  be  seen  in  Fig.  6.  On  the  other  hand,  the  wideband 
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PROGRESS  REPORT  ON  ARCHIVAL  STORAGE 

OF  COLOR  FILMS  UTILIZING 
A  WHITE-LIGHT  PROCESSING  TECHNIQUE 

F  T.  S.  YU.  X.  X.  CHEN  and  S.  L.  2HUANG 
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Codagc  couleur 
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Image  processing 
Color  encoding 


SUMMARY  :  In  this  paper,  we  report  a  spatially  encoding  techni¬ 
que  such  that  the  moire  fringe  pattern  inherently  existing  with  the 
retrieved  image  can  be  avoided.  To  improve  the  diffraction  effi¬ 
ciency  of  the  film,  we  have  introduced  a  bleaching  process  so  that 
the  step  of  obtaining  a  positive  encoded  transpatency  can  be 
eliminated.  Instead  of  restricting  the  encoding  processing  in  the 
linear  region  of  the  T-E  curve,  we  would  allow  the  encoding  in  the 
linear  region  of  the  D-E  curve,  so  that  a  broader  range  of  encoding 
exposure  can  be  utilized.  Experimental  results  indicate  that  excellent 
color  fidelity,  high  signal  to  noise  ratio,  and  good  resolution  of  the 
reproduced  color  images  can  be  obtained. 


Amelioration  d'une  technique  dc  traitement 
en  lumiere  blanche  pour  I'archivage  de  films  en  couieurs 

RESUME  :  Dans  cet  article  nous  deenvons  une  technique  dc 
codagc  spatial  qui  evite  les  effets  de  moire  dans  I  image  restituee 
Pour  ameliorer  1‘cfficactte  du  reseau  dc  diffraction  forme  par  le 
film,  nous  avons  introduit  une  technique  de  blanchiment  qui 
elimine  le  urage  d  un  posmf  Au  lieu  de  restreindre  le  codagc  dans  la 
partie  lineaire  de  la  courbe  iransmission-eclairemeni.  il  est  possible 
de  coder  sur  la  partie  lineaire  dc  la  courbc  efficacne  de  diffraction- 
eclairemenl.  ce  qui  elargit  la  gamme  d  exposmons  Les  resultats 
experimentaux  montrent  une  excellent  Hdclite  dcs  couieurs.  un 
grand  rapport  signal  sur  bruit  ct  une  bonne  resolution  dans  la 
restitution  des  images  en  couieurs 


INTRODUCTION 

Archival  storage  of  color  films  has  long  been  an 
unresolved  problem  for  the  film  industry.  The  major 
reason  is  that  the  organic  dyes  used  in  color  films  are 
usually  unstable  under  prolonged  storage,  often 
causing  gradual  color  fading.  Although  there  are 
several  available  techniques  lor  preserving  the  color 
images,  all  of  them  possess  certain  definite  draw¬ 
backs.  One  of  the  most  commonly  used  techniques 
involves  repetitive  application  of  primary  color  filters, 
so  jhai  the  color  images  can  be  preserved,  in  three 
separate  rolls  of  black-and-white  film.  To  retrieve 
the  color  image,  a  system  with  three  primary  color 
projectors  are  used.  These  films  should  be  projected 
in  perfect  unison  so  that  the  primary  color  images 
will  be  precisely  recorded  on  a  fresh  roll  of  color  film. 
However,  this  technique  has  two  major  drawbacks  : 
first,  the  storage  volume  for  each  film  is  tripled.  Second, 
the  reproduction  system  is  rather  elaborate  and 
expensive. 

The  use  of  monochrome  transparencies  to  retrieve 


color  images  was  first  reported  by  Ives  |l]  in  1906. 
He  introduced  a  slide  viewer  that  produced  color 
images  by  a  diffraction  phenomenon  Grating  either 
of  dillcrcnt  spatial  frequencies  or  of  u/imulhal  orienta¬ 
tions  were  used.  More  recently.  Mueller  [2]  described 
a  similar  technique,  employing  a  tricolor  grid  screen 
for  image  encoding.  In  decoding,  lie  used  three  quasi- 
monochromatic  sources  for  color  image  retrieval. 
Since  then,  similar  work  on  color  image  retrieval 
has  been  reported  by  Macovski  [3],  Grousson  and 
Kinany  [4],  and  Yu  (5)  However,  those  techniques 
sufTer  a  major  drawback  ;  namely,  the  moire  fringes 
in  the  retrieval  color  image  will  not  be  avoided. 

We  will,  in  this  paper,  report  a  spatially  encoding 
and  decoding  process  such  that  the  moire  fringe 
pattern  can  be  avoided  by  spatial  filtering  To  improve 
the  diffraction  efficiency,  we  have  introduced  a 
bleaching  processing  for  the  encoded  film  in  which 
the  step  of  generating  a  positive  transparency  can  be 
eliminated.  We  have  also  experimentally  demonstrated 
that  the  spatially  encoding  process  should  not  be 
restricted  to  the  linear  region  of  the  H-D  curve. 
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Instead,  it  is  recommended  lo  encode  in  the  linear 
legion  o!  llie  ilillnirlioii  elliiieiu  v  ni\n\  rxposiiio 
curve  (called  1)1:  curve).  Detail  experimental  pio- 
cediirc  of  this  archival  storage  lechnic|tie  is  presented. 
I'lcliuiiitary  icsiilts  ol  retrieval  color  images  are 
provided.  Comparisons  with  original  color  trans- 
patency  are  also  given. 

SPATIAL  ENCODING  AND  DECODING 


»  »  > 


Groling  I  Grating  2  Grot'ng  3 

l For  Blue  Color)  (For  Green  Color)  (For  Red  Color) 


We  shall  now  describe  a  spatial  encoding  technique 
utilizing  a  white-light  source.  A  color  transparency 
is  used  as  an  object  to  be  encoded,  by  sequentially 
exposing  with  primary  color  of  lights,  onto  a  black- 
and-white  film,  as  illustrated  in  figure  l.  The  encoding 
is  taken  place  by  spatial  sampling:  the  primary  color 
images  of  the  color  transparency,  with  a  specific 
sampling  frequency  and  a  predescribed  direction  onto 
a  monochrome  film.  In  order  to  avoid  the  moire  fringe 
pattern  in  the  retrieval  color  image,  we  propose  to 
sample  one  of  the  primary  color  images  in  one  inde¬ 
pendent  spatial  coordinate,  and  the  remaining  two 
primary  color  images  in  the  other  independent  spatial 
coordinate,  as  shown  in  figure  2.  Since  any  mixture 
of  red  with  green  or  with  blue  colors  produces  a  wide 
range  of  intermediate  colors,  wc  propose  to  encode 
the  red  color  image  in  one  independent  spatial  coor¬ 
dinate  direction,  and  the  blue  and  green  color  images 
in  the  other  remaining  independent  coordinate  direc¬ 
tion.  Thus  a  small  amount  of  color  spread  (i.e..  color 
crosstalk)  from  blue  to  green  (but  not  from  green  to 
blue)  may  not  be  avoided.  However  this  small  amount 
of  color  spread  will  not  cause  significant  adversed 
effect  in  the  retrieved  color  image,  for  primarily  two 
reasons  :  first,  a  slight  mixture  of  blue  into  green 
will  not  produce  significant  color  changes.  Second, 
strictly  speaking  all  the  color  transparencies  are  not 
natural  colors,  thus  a  small  amount  of  color  deviation 
would  not  be  noticeable  by  human  perception. 


Collimoied  White  Light 


Color  Tronsporency 


Objective 


Prirnory  Color  Filler 
Grotmg 

y  Contact 

Photographic  Film 


Fig  1-  Sequential  spatial  color  cm  lutings 


Fig.  2.  —  Positions  of  the  three  spatial  samplings. 


We  shall  now  demonstrate  that  the  moire  fringes 
can  be  avoided  with  the  proposed  encoding-decoding 
technique.  Let  this  intensity  transmittance  of  the 
encoded  films  be  (5) 

T„(x.  y)  =  K  {  T,(x.  3  )  [  1  +  sgn  (cos  pr  v)]  + 

+  7*(x,.y)|l  +  sgn  (cos/7j,x)]  (1) 
+  T,(x,y)[\  +  sgn  (cosps  x)]  }"\ 

where  T„(x.  v)  is  the  encoded  black-and-white  negative 
transparency,  K  is  an  appropriate  proportionality 
constant.  Tr.  Th  and  Tf  are  the  red.  blue,  and  green 
color  image  exposures.  pr.  ph.  and  pQ  are  the  respective 
carrier  spatial  frequencies,  (x,  y)  is  the  spatial  frequency 
coordinate  system  of  the  encoded  film,  y  is  the  film 
gamma  [6],  and 


sgn  (cos  x) 


1.  cos  x  ^  0 , 
1.  cos  x  <  0  . 


Instead  of  obtained  a  positive  image  transparency, 
through  a  contact  printing  process  of  Eq.  (2)  as 
proposed  in  a  previous  paper  (5],  we  shall  bleach  the 
encoded  negative-image  film  to  obtain  a  phase  object 
transparency  [7.  8],  Let  us  assume  that  the  bleached 
transparency  is  encoded  in  the  linear  region  of  the 
diffraction  efficiency  D  versus  exposure  £  (eg.,  as 
shown  in  fig.  6).  The  amplitude  transmittance  of  the 
bleached  transparency  can  be  written 

t(x.  y)  =  exp[ic/>(x.  y)J ,  (3) 

where  i/»{\.  v)  represents  the  phase  delay  distribution, 
which  is  proportional  to  the  exposure  of  the  encoded 
film  (9).  such  as 


</>(x.  y)  =  M  {  T,(x.  v)(l  +  sgn  (cos v)]  J- 

+  Th(x.  v)  (1  +  sgn  (cos  pt  x))  (4) 
-  7„(x.  y)  1 1  +  sgn  (cos  pe  x))  j  . 


where  ,\f  is  an  appropriate  proportionality  constant 
If  we  place  this  bleached  encoded  fiim  at  the  input 
plane  P,  of  a  white-light  optical  processor,  as  illus¬ 
trated  in  figure  3.  then  the  complex  light  distribution 
due  to  Mx.  v).  for  e\er>  A.  at  the  spatial  frequencx 
plane  P:  can  be  determined  by  the  following  Fourier 
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.S(a.  /I  :  J.)  -  J  |  /|.\.  i  )  exp  •  /  4^- I tn  t-  fly)  d\  dr 

\  l  (  .  2  //  ( ■ 

=  cxp[/(/i(A.  r)J  exp  -  i~-(x\  +  fly)  d.vdv. 

By  expanding  i(x.  v)  into  exponential  series.  Eq.  (5)  can  be  written 

S(ot. /{;/.)  =  j*  |  I  +  i<f>(x.  y)  +  ^  [/</>(*.  r)]2  +  —  jexpj^-  i~{ax  +  fly)  dx  dr  .  0 

By  substituting  Eq.  (4)  into  Eq.  (6)  and  retaining  the  first-order  and  the  first-order  convolution  terms  we  have  : 

S'(«.  '■)  -  H  ±  j  +  T,(a  ±  i,v  e) 

+  ,f'(“  ±  Ti1’-  f)  +  *•(»•  f±Tip')’  ±  Tlr-  ")  r 

+  *  H* ")  +  4  4  f,» ') ■  4  ±  Tir' « 


\  H«.*l 


°  8*o*  Cotor  Filter 

-'Red  Color  Filter 


^  Gree"  Co*or 
x  Filler - 


Red  Color  Filter.. 

P  — 


Blue  Color  Filter 

()/  o 

C) 

(\  c — \ 

a  ^ 

& 

0  ^ 

o 

fa  ^ 

Slop  Bond 

\ 

Green  Color  Filter 

F  i<*.  3.  H  hoc  light  processor  lor  spatial  i  olor  da  oding.  I.  extended 
white  light  source ,  L,  transform  lens ;  T(x.  y),  bleached  encoded 
transparency. 


where  7,.  7 h  and  70  are  the  Fourier  transforms  of  Tr. 
7  k  and  Tq  respectively.  *  denotes  the  convolution 
operation,  and  the  proportional  constants  have  been 
neglected  lor  simplicity.  We  note  that,  the  last  cross 
product  term  of  Eq  (7)  would  introduce  a  moire 
fringe  pattern,  parallel  to  encoding  gratings  of  blue 
and  green,  in  the  retrieved  color  image.  Nevertheless, 
all  of  those  cross  product  terms  can  be  properly 
masked  out  at  the  Fourier  plane  Thus  by  proper  color 
filtering  those1  first-order  smeared  Fourier  spectra, 
as  shown  in  fiyitre  4.  a  moire  free  true  color  image 
can  be  retrieved  at  the  output  image  plane  P,.  The 
corresponding  complex  light  field  immediately  behind 


Fh;.  4.  -  Color  spatial  filtering  at  the  spatial  frapiem  v  plane 


the  Fourier  plunc  would  be 

5(0.0)=  T'Ufl-'^Lp) 


+  7"''(a  _  T7/V  (i)  +  7«(a  +  Trp<- fl)  (8) 

where  /.r.  and  are  the  respective  red.  blue,  and 
green  color  wavelengths  At  the  output  image  plane, 
the  complex  light  distribution  is 

six.  v)  =  7r(x.  \ )  expinp,)  a-  r )  expl/v/v)  - 

-  7  „( x.  t  )  expt  -  ixpq)  .  (4) 
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I  he  output  image  irradiancc  is  theretore 

H\.  y)  / ; (\.  »•)  i  7;(\.r)  i  /u’(\.  r).  <l<») 

which  is  a  superposition  of  three  primary  encoded 
color  images.  I  hus  we  see  that  a  moire  Iree  color 
image  can  indeed  he  obtained. 

We  shall  now  discuss  the  ellecl  of  moire  Iringe 
pattern  in  more  dtail.  It  is  well  known  that  a  moire 
pattern  is  produced  by  the  overlaying  ol  two  or  more 
gratings  [10,  1 1  ].  When  two  gratings  of  spacing  a  and  b 
arc  superimposed  with  an  obliquity  tingle  of  0,  the 
moire  iringe  spacing  d  can  be  written  as  : 


Ja2  +  b2  —  2  ah  cos  0 
and  this  slope  of  the  moire  fringe  is 


nos.  I  and  2,  it  will  not  generate  any  undesirable  moire 
fringes  except  a  cross  grid  between  giatmgs  3  and  1. 
and  3  and  2.  Whcicax  gratings  I  and  2  arc  parallel- 
superimposed.  it  produces  a  moire  fringe  pattern  of 
spatial  frequency  pm  | />*  —  I  in  the  same  direction 
of  gratings  I  and  2. 

Since  the  last  term  of  Fq.  (7)  represents  the  Fourier 
transform  of  this  moire  fringe  pattern,  the  resolution 
of  the  retrieved  encoded  color  image  (blue  or  green) 
is  limited  by  the  size  of  the  color  spatial  filters,  as 
illustrated  in  figure  4.  Therefore,  the  spatial  frequency 
requirements  of  the  gratings  1  and  2  can  be  determined 
by  the  following  equation 

P,  =  \(P,  +  Ip*)  =  \pb  •  (15) 

The  resolution  limit  of  retrieved  color  image  is 


tan  <t>  = 


h  sin  0 
a  —  b  cos  0  ’ 


U2) 


P  ~  \P9  ~  Pb  \  =  2Pb 


(16). 


where  It  is  the  index  of  moire  pattern  [It  =  0,  +  1. 
+  2.  ...)  which  represents  the  resultant  moire  fringes 
as  an  indexed  family  of  curves  (sec  ref.  11).  If  these 
two  gratings  arc  perpendicularly  superimposed  at  an 
angle  0  =  90".  then  they  form  a  cross  grating  pattern, 
without  moire  fringes  [11]. 

On  the  other  hand,  if  two  gratings  are  parallel- 
superimposed  on  the  top  of  the  other  (i.e.,  0  =  0“), 
than  a  beating  frequency  parallel  to  those  gratings 
would  occur.  The  corresponding  fringe  spacing  is 


and  the  relevant  (i.e..  moire)  spatial  frequency  is 
2  71 

Pm  =  —  =  \P,  ~  Pb\,  (14) 

where  p„  =  2  n:a  and  ph  =  2  n/b  are  the  spatial 
frequencies  of  the  two  gratings. 

We  shall  now  investigate  the  moire  fringe  effects 
due  the  spatial  encoding  of  figure  2.  Since  grating 
no.  3  is  perpendicularly  superimposed  with  grating 


and  the  spatial  frequency  oflhc  moire  fringe  pattern  is 

Pm  =  \P,  ~  Pb\  =  ^Pb  ■  <17) 

Thus,  by  proper  selection  of  desirable  grating  fre¬ 
quencies,  which  depends  upon  the  resolution  limit 
of  the  object  transparency,  the  spatial  frequency 
content  of  the  moire  pattern  can  be  determined.  With 
appropriate  color  filtering,  the  encoded  Fourier 
spectra  as  illustrated  in  figure  4,  a  moire  free  color 
image  can  be  obtained. 


EXPERIMENTAL  DEMONSTRATION 

In  our  experiment,  we  utilized  three  Kodak  primary 
color  filters  of  No.  25.  47B  and  58  for  the  encoding 
and  decoding  process.  The  characterizations  of  these 
filters,  illuminated  by  standard  A  illuminant  [12.  13], 
are  specified  by  the  C.I.E.  diagram,  as  shown  in 
figure  5.  The  corresponding  trichromatic  coefficients 
of  these  filters  are  tabulated  in  the  following  : 


No.  25  -  R*  :  /.  =  6  150  A  xw 

No.  58  —  (/'*  :  =  5  500  A  x„ 

No.47B  -  If  :  /.  =  4  .300  A  .v„ 

and  W*  :  ,x„. 


where  R*.  C*.  B*  and  W*  denote  the  red.  green,  blue 
and  white  colors,  respectively,  .x  +  y •  r  =  1,  and 
.x.  y.  and  :  arc  the  trichromatic  coefficients  obtained 
from  the  chromulicitv  coordinates  of  the  C.I.E. 
chromalicity  diagram  [12.  13].  Grating  frequency  of 
40  lines,  miti  is  used  for  red  and  green  color  image 
encodings,  and  grating  frequency  of  26.7  lines  mm  is 
used  for  blue  color  image  encoding.  A  xenon  arc  lamp 
is  used  for  the  white-light  processing,  and  the  color 


=  0.680 

=  0.320 

=  0 

=  0.3(12 

.<■« 

=  0.692 

r„  =  0.006 

=  0.169 

3  a 

=  0.007 

=  0.824 

=  0.448 

>w 

=  0.408 

:H.  =  0.144 

decoding  filters  are  the  same  type  of  color  filters  used 
for  the  encoding.  The  trichromatic  coefficients  arc 
expected  to  be  the  same  as  those  in  Eq.  (18).  except 
for  the  white  color,  that  is 

Ht*  :x„.  =  0.310.  y„  =0.316.  :„=  0.374  .  (19) 

We  shall  now  illustrate  that  any  choice  of  color  can 
be  reproduced  by  a  simple  transformation  from  C.I.E. 
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FlO.  5.  —  Chromaticiiv  coordinates  in  C.l.E. 


to  R*  G*  B*  as  described  in  the  following  equation 
[14,15]. 


R  m  K,  A'  +  K2Y  +  K^Z, 
G  =  KtX  +  K,  V  +  K„Z, 
B  =  K7  A'  +  KgY  +  K9Z, 


where  R.  G.  and  B  are  the  red.  green,  and  blue  color 
tristimulus  values,  and  A'.  Y ,  and  Z  arc  the  C.l.E. 
tristimulus  values,  and  the  K  "s  arc  arbitrary  constants. 
We  note  that  these  tristimulus  values  can  be  expressed 
as  (14,  15]  : 


R  =  >'w 
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wliei c  l lie-  is  and  is  aic  the  liicliininulic  cocllicienlv 
Uy  substituting  the  trichromatic coellicients of  Eq  (IK) 
mlo  I  (|.  (21),  we  have 


U  E6KK.V  0.71-1  >'  0  1-10/. 

(;  =  -  0.915  A’  +  1.944  Y  +  0.171  Z.  (22) 

and  11=  0.014  A' -  0.031  V  +  2.810  Z. 


The  chromalicity  coordinates  can  be  determined  in 
the  following  definitions  : 


R 

R  +  G  +  B 
G 


R  +  G  +  B 


1.688  A' -0.734  V -0.340  Z 
0.787  A'  +  1.179  Y  +  2.64 1  Z  ’ 

—  0.915  X  +  1.944  V+0.171  Z 
0.787  X  +  1.179  y  -t- 2.641  Z’ 


B 

R  +  G  +  B 


0.014  A"  — 0.031  Y  +  2.8IOZ 
0.787  X  +  1.179  Y  +  2.641  Z’ 


where  r,  g,  and  b  are  the  chromalicity  coordinates. 
Thus,  any  choice  of  color  can  be  one-to-one  homo¬ 
logously  reproduced  with  this  color  transformation. 

Although  the  color  retrieval  is  evaluated  within 
the  triangle  defined  by  R*  G*  B*  of  figure  5.  any 
color  point  outside  the  triangle  can  be  replaced  by  the 
nearness  neighboring  point  on  the  boundary  of  the 
triangle,  for  example,  p  can  be  replaced  by  p.  Since 
the  hue  is  generally  keeping  it  up,  it  will  not  introduce 
significant  adversed  elTect  by  human  perception. 
In  practice,  we  need  only  to  control  the  exposure  ratio 
of  the  encodings  such  that  while  color  object  can  be 
retrieved  by  a  white-light  processor.  With  reference 
to  these  available  exposure  ratios,  a  broad  dynamic 
range  of  encodings  onto  a  typical  photographic  plate 
can  then  be  achieved,  as  shown  in  figure  6. 


u  JO 

4> 

Q 


Kodok  5460  Fdm 

Exposure  range  003^02  rocs 


01  02  03  04  03 

Exposure(mcs) 


/ 

0 

y  KoOOl  5*60  F  ilm 


Eioosure  range  ooi-  005  met 


1.6  ?0 


00 

log  £■ DO sure  (mes) 


FiCi.  ft  —  A  hroad  exposure  range  of  cncndmgx 


150 


I  .  I  S  Yl>.  \  \  (  IMS.  S  I  /lll'AM. 


hi  oui  cx|ici  miciil,  the  encoding  iianspaiciicics 
arc  marie  by  Kodak  technical  pan  lilm  2415  ami 
Kodak  Mii  iolilm  5. ltd)  |  he  advantage  ol  using 
Kodak  lilm  2415  is  that  it  is  a  low  coniias)  him  with 
a  iclalivrly  llal  s|H-clial  icspoiisc.  as  shown  in  ftgttte  7. 
I  lie  disadvantage  is  that  this  lilm  is  coated  with  a 
thin  layer  of  dyed-gel  backing,  for  w  hich  it  introduces 
additional  noise  through  the  bleaching  process. 
Although  the  microfilm  used  is  a  clear  base  film, 
however,  it  is  a  high  gamma  film  and  the  spectral 
response  decreases  somewhat  in  the  red  color  region, 
as  shown  in  figure  7.  In  order  to  compensate  this  low 
spectral  response,  one  would  encode  the  red  wave¬ 
length  with  a  higher  exposure.  Needless  to  say  that, 
the  resolution  and  contrast  of  the  retrieval  color  image 
are  also  affected  by  this  developing  process  of  the  film. 

It  should  emphasize  that,  to  avoid  the  shoulder 
region  of  the  D-E  curve,  the  lilm  should  be  preexposed. 
Otherwise,  it  would  introduce  low  exposure  nonlinear 
effect  which  causes  color  unbalance  in  the  retrieval 
image.  The  plots  of  diffraction  efficiency  versus 
exposure  for  Kodak  2415  and  5460  films  with 
40  lincs/mm  sampling  frequency,  arc  plotted  in  figure «V. 
From  the  figure,  we  sec  that  the  bleached  encoded 
films  oiler  a  higher  diffraction  efficiency,  the  optimum 
value  occurs  at  exposures  8.50  x  10“ 3  mes  and 
1.95  x  10"  1  mcs.  respectively  for  Kodak  films  2415 
and  5460.  With  these  optimum  exposures,  it  is  possible 
to  optimize  the  encoding  process  in  the  following  : 
first,  by  preexposuring  the  film  beyond  the  toe  region. 
Second,  by  subdividing  the  remaining  exposure,  taken 
the  account  of  the  film  spectral  response,  into  three 
parts  for  the  red.  green,  and  blue  color  images. 

For  experimental  demonstrations,  we  would  like 
to  provide  two  results  obtained  by  Kodak  2415  and 
Kodak  5460  encoding  films,  as  shown  respectively 
in  figures  9a  and  9b.  From  these  figures  we  see  that 
the  moire  free  color  images  can  indeed  be  obtained. 
We  also  see  that  the  retrieved  color  image,  obtained 
by  this  Kodak  Microfilm  5460.  provides  a  higher 
image  quality  (i.e..  higher  resolution  and  lower  noise 
level).  The  primary  reason  is  that,  commercially 
available.  Kodak  2415  is  coated  with  a  thin  layer  of 
dyed-gel  backing.  Accordingly,  this  thin  layer  of  dyed- 
gel  backing  causes  additional  noise  level  through 
bleaching  process.  For  comparison,  we  also  provide 
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Fig.  7  —  Spectral  responses  of  Kodak  lilm’.  2415  and  54ftn 
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He;.  8.  -  Thv  plots  of  diffraction  cflnkmcy  versus  r\posurc  for 
Kodak  film  2415  and  5460  for  a  40  hnes/mm  sampling. 


the  original  color  transparency  as  shown  in  figure  10. 
By  comparing  the  results  of  figure  9  with  figure  /(). 
wc  sec  that  the  retrieval  color  images  arc  spectacularly 
faithful,  with  virtually  no  color  cross-talk.  Although 
the  resolution  and  contrast  are  still  far  below  the 
acceptable  stage  for  applications,  however  these 
drawbacks  may  be  overcome  by  utilizing  a  more 
suitable  film,  for  which  a  research  program  is  currently 
under  investigation.  We  are  confident  that  better 
results  would  be  obtained  from  our  future  research 
in  this  program. 


CONCLUSION 


In  conclusion,  we  would  like  to  point  out  that, 
a  technique  of  spatial  encoding  for  archival  storage 
of  color  films  utilizing  a  white-light  processing  is 
presented.  The  encoding  is  taken  place  with  red  color 
image  on  one  independent  coordinate,  and  blue  and 
green  color  images  on  another  independent  coordinate, 
so  that  the  moire  tree  color  image  can  be  retrieved 
at  the  output  plane.  We  have  also  introduced  a 
bleaching  process  to  convert  a  negative  encoded 
image  into  a  phase  object  encoded  transparency, 
in  which  the  step  of  generating  a  positive  encoded 
transparency  can  be  avoided,  experimental  results 
show  that  spectacularly  faithful  color  images  can  be 
obtained  with  the  technique.  Although  the  resolution 
and  contrast  are  still  below  the  general  acceprable 
stage  for  practical  application,  however  by  using  a 
more  suitable  encoding  film  these  drawbacks  may  be 
eliminated. 
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FlO.  9  — Cnlnr  pictures  reproduced  hy  this  technique. 

(a)  obtained  hy  Kodak  2415; 

(b)  obtained  hy  Kodak  5460. 
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Falsed-Color  Composites  for  Landsat  Data 


Generating  False-Color  Composites 
with  a  White-Light  Optical  Processor 
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Abstract:  A  technique  of  false-color  compositing  by  encoding  multispectral  remote  sensing 
data  with  a  low-cost  white-light  optical  processor  is  described.  Spatial  encodings  are  made 
with  vanous  multispectTal  band  image  transparencies,  and  false-colonng  is  obtained  bv  color 
filtenng  the  smeared  Founer  spectra.  In  contrast  to  the  low-resolution  digital  image,  the 
white-light  method  generates  a  high-quality  color-coded  product.  This  image  is  free  from 
coherent  artifact  noise  because  coherent  light  sources  are  not  used.  This  simple  and  versatile 
technique  may  offer  a  wide  range  of  applications.  Three  bands  of  multispectral  Landsat  data 
were  processed  using  70-mm  black-and-white  film  negatives.  These  false-color  encoded  im¬ 
ages  allowed  for  discrimination  of  various  Earth  surface  features.  Forests,  agricultural  lands, 
water,  urban  areas,  and  strip  mines  could  be  shown  on  the  images  as  each  of  these  thematic 
classes  were  displayed  as  a  different  color. 


INTRODUCTION 

Most  optical  images  used  in  scientific  appli¬ 
cations  are  gray-level  density  images,  such  as 
scanning  electron  microscopic  images  and  x-ray 
transparencies.  However,  as  has  been  shown  for 
multispectral  scanner  images  from  satellites,  color 
provides  far  greater  visual  discrimination. 

In  current  practice,  most  false-color  images  are 
generated  using  digital  computer  techniques  (An¬ 
drews  et  al.,  1972).  Unfortunately,  this  method  has 
three  major  drawbacks:  (1)  the  equipment  to  gen¬ 
erate  these  images  is  usually  very  expensive,  (2)  the 
technique  is  generally  elaborate,  and  (3)  image  res¬ 
olution  is  limited  by  the  finite  sample  points  of  the 
system.  A  white-light  false-color  compositing  tech¬ 
nique  that  alleviates  these  three  problems  is  de¬ 
scribed  in  this  paper.  The  advantages  of  this  new 
technique  are  (1)  the  cost  of  the  equipment  is  sub¬ 
stantially  lower  than  for  the  digital  process,  (2)  the 
encoder  is  relatively  easy  and  economical  to  oper¬ 
ate,  and  (3)  the  results  of  the  optical  technique  can, 
in  principle,  match  the  resolution  of  the  multispec- 
tral  images. 

In  an  earlier  paper,  the  technique  of  false-color 
compositing  with  a  white-light  processing  tech¬ 
nique  was  described  (Chao  et  al,  1980).  Although 
excellent  results  were  reported  using  this  method, 
false-color  composites  were  obtained  using  onlv  two 
primary  colors.  In  this  paper  we  shall  extend  the 
white-light  false-color  compositing  technique  to  the 
multicolor  case.  For  simplicity,  we  shall  describe  the 
case  for  three  primary  colors. 


MATERIALS  AND  METHODS 

Three  bands  of  multispectral  scanner  Landsat  data 
were  processed  for  false-coloring  using  70-mm  black- 
and-white  film  negative  transparencies.  The  bands 
were  from  the  blue-gTeen  (Band  4:  0.5  to  0.6  imt), 
red  (Band  5:  0.6  to  0.7  q.m),  and  reflected  infrared 
(Band  7:  0.8  to  1.1  u-m)  spectral  regions.  The  scene 
is  a  78  by  107  km  subsample  of  Landsat  scene  1440- 
15172  showing  southeastern  Pennsylvania  (Figure 
1).  A  multispectral-band  image-encoding  transpar¬ 
ency  was  obtained  by  spatially  sampling  each  of 
these  three  images  onto  black-and-white  photo¬ 
graphic  film,  with  specific  sampling  grating  fre¬ 
quencies  oriented  at  specific  azimuthal  directions. 
To  avoid  the  Moire  fringe  pattern,  these  three  im¬ 
ages  were  sampled  in  orthogonal  directions  with 
different  specific  sampling  frequencies,  as  shown  in 
Figure  2.  The  intensity  transmittance  of  the  encoded 
film  can  be  written  as 

T(x,y)  =  K{7,U.y)  [1  -  sgn(cos  W,y)] 

*  TjU'.y)  [1  -  sgn(cos  W,:r)]  (1) 

-  T,(x,y)  [1  +  sgn(cos  W,*)]}'"* 

where  X  is  an  appropriate  proportionality  constant; 
7,,  7j,  and  7,  are  the  multispectral  band  transpar¬ 
encies,  bands  4,  5,  and  7,  respectively;  W,,  IV2,  and 
W,  are  the  respective  carrier  spatial  frequencies:  (z.v) 
is  the  spatial  coordinate  system  of  the  encoded  film; 
•y  is  the  film  gamma,  and 


sgntcos  x) 


1.  cos  x  a  0 
-  1.  cos  x  <  0 
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The  encoded  transparency  was  then  bleached  to 
obtain  a  surface  relief  phase  object  (Upatnicks  and 
Leonard,  1969;  Chang  and  W’inick,  1980).  We  as¬ 
sume  that  the  bleached  transparency  is  encoded  in 
the  linear  region  of  the  diffraction  efficiency  versus 
the  log  exposure  curve  (Figure  3)  (Chang  and  Win- 
ick,  1980).  Thus,  the  amplitude  transmittance  of  the 
bleached  transparency  can  be  written  as 

f(x,y)  =  exp  [»<b(ac,y)]  (3) 


where  <b (x,y)  represents  the  phase  delay  distribu¬ 
tion,  which  is  proportional  to  the  exposure  of  the 
encoded  film  (Smith,  1977),  such  that 

tb(x,y)  =  M{T,(x,y)  [1  -  sgn(cos  W,y)] 

-  T3(x.y)  [1  sgn(cosHjX)]  (4) 

-  T3(2,y)  [1  +  sgn(cos  W,x)]} 

where  M  is  an  appropriate  proportionality  constant. 
If  we  place  this  bleached  encoded  film  at  the  input 
plane  P,  of  a  white-light  optical  processor  (Yu,  1963), 
as  illustrated  in  Figure  4,  then  the  complex  light 
distribution  due  to  t(x.y),  for  even-  X,  at  the  spatial 
frequency  plane  P3,  can  be  determined  by  the  fol¬ 
lowing  Founer  transformation: 

S(a,8;X)  =  fjt(x.y) 

2— 

exp  [  - 1  77  (ax  -  3y)j  dxdy 

M  (?) 

=  //exp  (id,  (x,y) 

It 

exp  |  -  /  (ax  -  &y))  dxdy 
K> 


Coltimct*d 
whin  Light 
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Celhmotfd 
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Bond  f  Bone  ? ~ 7  Bone  «  / 

Trgnsporencf  /  Tronsportncy  /  1  ronipor »ncy j 

Pnotogrophic  Film  Photographic  Film  Photog'Ophic  Film 

Fig.  2.  Spatial  encoding. 


By  expanding  t(x,y)  into  an  exponential  series, 
Equation  5  can  be  written  as 

S(a,3;X)  =  //{l  -r  id>(x,y)  -  ^  [id>(x,y)]= 

-  (6) 

2t 

t  .  .  .}  exp[-i  —  {ax  -*■  3 y))dxdy 

By  substituting  Equation  4  into  Equation  6  and  re¬ 
taining  the  first-order  terms  and  the  first-order  con¬ 
volution  terms,  we  have 


S'(q,3.X)  =  f,(a,3  =  P7lv,) 

-  T2(o  =  ^W4,P)  -t,( a  =  ^VV„3) 

-  T,(q,3  =  £-W,)  '  D 
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X.f 

S(u,(3)  =  l,(o, (S  -  r—  W  ,) 

2t 

-  1,(0  -  ~  IV„3) 

J.TT 

*  1,(0  -r  ^  iv„3)  (8! 

where  Xr,  k„,  and  kv  are  the  respective  red,  blue, 
and  green  color  wavelengths.  Al  the  output  image 
plane,  the  talse-color  coded  image  irradiance  is, 
therefore, 

l(x.y)  =  T„3  (x.y)  -  T2h •  (x.y)  +  T3y2  (x.y)  (9) 

which  is  a  superposition  of  three  primary  color  en¬ 
coded  images,  where  7,„  T2„,  and  T3>.  are  the  red, 
blue,  and  green  amplitude  distributions,  respec¬ 
tively,  of  the  three  spatially  encoded  images.  Thus, 
a  Moir6-free  color-coded  image  can  be  obtained  at 
the  output  plane. 

In  our  experiment,  we  used  two  sinusoidal  sam¬ 
pling  gratings  for  the  spatial  encodings,  one  with 
26.7  lines/mm  and  the  other  with  40  lines'mm.  The 
encoding  transparency  was  made  by  Kodak  Tech¬ 
nical  Pan  Film  2425.  The  advantage  of  using  this 
film  is  that  it  is  a  high  resolution  film  and  has  a 
relatively  flat  spectral  response.  The  plot  of  diffrac¬ 
tion  efficiency  versus  log  exposure  for  Kodak  2425 
film  at  40  lines'mm  sampling  frequency  is  shown  in 
Figure  3.  From  this  figure,  we  see  that  bleached 
encoded  films  offer  a  higher  diffraction  efficiency  — 
the  optimum  value  occurs  at  exposures  of  8.50  x 
20-3mcs.  With  this  optimum  exposure,  it  is  possible 
to  optimize  the  encoding  process  by  first  pre-ex- 
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Fig.  4.  A  white-light  taise-coicr  encooer. 
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Fig  3  Diffraction  efficiency  versus  log  exposure  plot  ot  a 
typical  spatially-encoded  film. 

+  t,( U.3  c  ~W,)  ■  f,(a  +  ~W„3) 

+  ts(a  =  *  f,(o  c  ^W„3) 

where  t,,  T,,  and  7,  are  the  Fourier  transforms  of 
T,,  T„  and  T,  respectively;  ■  denotes  the  convolu¬ 
tion  operation;  and  the  proportional  constants  have 
been  neglected  for  simplicity.  We  note  that  the  last 
cross  product  term  of  Equation  7  would  introduce 
a  Moir£  fringe  pattern,  which  is  in  the  same  sam¬ 
pling  direction  of  W,  and  W3.  Nevertheless,  all  of 
these  cross  product  terms  can  be  properly  masked 
out  at  the  Fourier  plane.  Thus,  by  proper  color-fil- 
tenng  of  the  first-order  smeared  Fourier  spectra,  as 
shown  in  Figure  5,  a  Moirg-free  false-color  coded 
image  can  be  obtained  at  the  output  plane  P3.  The 
corresponding  complex  light  field  immediately  be¬ 
hind  the  Fourier  plane  would  be 
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Fig  5  Fourier  plane  color  filtering. 


posing  the  film  beyond  the  toe  region  of  the  dif¬ 
fraction  efficiency  versus  log  exposure  curve.  Then 
the  remaining  exposure  is  subdivided  into  three  re¬ 
gions,  by  taking  into  account  the  linear  tTansmittant 
exposures  of  the  three  encoded  images. 

In  false-color  compositing,  we  use  Kodak  pnmarv 
color  filters  25,  47B,  and  56  in  the  Fourier  plane,  as 
shown  in  Figure  5.  A  xenon-arc  lamp  is  used  as  the 
extended  white-light  source  for  the  faise-color  en¬ 
coding  technique  shown  in  Figure  4. 

RESULTS  OF  FALSE-COLOR  ENCODING 

The  results  of  the  false-color  encoding  of  the 
Landsat  multispectral  scanner  data  are  shown  m 
Plates  ]  through  4.  in  Plate  1,  where  band  4  is  en¬ 
coded  green  and  band  5  is  encoded  rec,  the  Sus¬ 
quehanna  River  and  small  bodies  of  water  are 
delineated  as  deep  red.  The  islands  in  the  Susque¬ 
hanna  River  are  easily  distinguished.  Strip  mines 
are  dark  red,  urban  areas  (Harrisburg)  are  medium 
rec,  and  agricultural  lands  are  light  red,  orange, 
and  yellow.  Forested  areas  are  green. 

When  rec-encodec  banc  5  is  combined  with  biue- 
encoaec  oanc  7  (Plate  2),  the  Susquehanna  River  is 
shown  as  a  violet  color.  Small  lakes  and  reservoirs 
appear  as  bluish  hues.  Some  of  the  surface-mined 
areas  appear  as  a  light  vioiet  coior,  aiong  with,  some 
o:  tne  pare  fields  tr.  the  agricultural  valievs.  Tne 
forested  repons  are  dark  blue  and  the  agricultural 
areas  are  red.  Urban  areas  are  not  delineated. 

Water  appears  as  several  shades  of  biue  when 
banc  4  is  encoded  peen,  and  band  7  is  encoded 
biue  (Plate  3',.  Ncrtheast-soutnwest  trending  streams 
are  also  evident  near  the  center  of  the  image.  Sur- 
lace-rrunec  areas  are  a  mucn  denser  blue,  and  can 
be  easily  disr.nguisnec  from  water.  Forested  areas 
are  most  cieariy  distinguished  on  thus  image  prod¬ 
uct  as  tight  peen.  Tne  earn  peen  areas  are  sp- 


cultural  regions.  Urban  areas  and  stnp  development 
along  major  highways  appear  as  dark  blue  to  black 
in  coior. 

When  all  three  bands  of  the  Landsat  data  are  en¬ 
coded  (Piaie  4j,  the  Susquehanna  River  appears  as 
violet,  and  the  other  bodies  of  water  as  shades  of 
blue.  The  surface  mines  and  urban  areas  are  dark 
red.  The  agricultural  valleys  are  orange  and  the  for¬ 
ested  regions  are  peen. 

The  images  presented  in  Plates  1  through  4  show 
the  results  of  false-color  encoding  using  a  while- 
light  optical  processor.  Six  bands  would  be  the  prac¬ 
tical  limit  for  encoding  This  approach  for  generat¬ 
ing  false-color  composites  has  great  potential  Tne 
white-light  system  is  a  high  resolution  color  en¬ 
coder.  In  principle,  the  resolution  of  the  coior  en¬ 
coded  image  can  be  as  high  as  the  original 
monochrome  transparent.  The  w-hite-light  en¬ 
coder  is  easy  to  construct  and  can  be  assembled  lor 
costs  of  less  than  £3,000.  Once  constructed,  the  svs- 
tem  is  also  easy  to  operate.  Therefore,  this  system 
ofiers  a  new  and  inexpensive  approach  to  the  de¬ 
velopment  of  false-color  composites, 
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A  Low-Cost  White-Light  Optical  Processor  for  the 
Undergraduate  Optics  Laboratory 
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Abstract— Techniques  of  whilf-lif>ht  optical  signal  processing  are 
coupled  with  a  relatively  unsophisticated  system  featuring  tow  cost, 
portability,  and  high  processing  power-lo-cosl  ratio.  The  km-cosl  while- 
light  optical  processor  (LCPl  oflers  educators  and  businesses  a  pow¬ 
erful  teaching  aid  while  providing  a  system  capable  of  optical  process¬ 
ing  usually  associated  with  complex  optical  systems.  Experimental  re¬ 
sults  are  provided  for  four  processing  techniques  applied  to  the  system. 
The  methods  applied  are:  scanning  optical  correlation  and  convolution, 
color  schlieren  optical  processing,  processing  of  bubble  chamber  event 
photographs,  and  density  pseudocolor  encoding.  A  full  list  of  system 
equipment  and  details  of  the  system  construction  are  included.  Em¬ 
phasis  is  on  the  processing  power  available  for  low  cost,  making  this  a 
tool  to  be  utilized  in  undergraduate  optics  laboratory  courses. 

I.  Introduction 

NDERGRADUATE  optics  laboratory  courses  are 
often  restricted  in  class  size  due  to  the  high  cost  of 
optical  systems.  Modern  optica]  processing  systems  are 
most  often  a  complex  array  of  equipment.  A  simple  optical 
processor  offers  distinct  advantages  over  complex  systems 
for  some  processing  techniques.  Such  a  simple  system  is 
of  immense  interest  to  educators  and  businesses  if  it  can 
be  offered  at  a  low  cost. 

Development  of  coherent  optical  processing  techniques 
(those  using  a  coherent  light  source)  has  taken  great  strides 
since  the  invention  of  the  laser.  This  has  tended  to  obscure 
a  parallel  development  of  noncoherent  optical  processing 
techniques.  In  fact,  much  of  optical  processing  predates 
the  laser  and  is  thus  based  on  incoherent  processing  tech¬ 
niques  which  are  based  on  the  use  of  an  incoherent  or 
"white-light”  source.  Rogers  [1]  presents  a  review  of 
early  incoherent  processing  methods.  Some  of  these  early 
techniques  are  still  used  today. 

Coherent  optical  processing  is  conceptually  simple.  Its 
basis  is  the  ability  to  operate  on  the  complex  amplitude 
light  distribution  formed  by  a  coherent  source,  but  most 
authors  agree  that  the  major  problem  with  coherent  optical 
processing  is  the  accompanying  artifact  noise  [2]-[4], 

In  contrast  to  the  use  of  a  coherent  light  source  is  the 
utilization  of  an  incoherent  or  white-light  source.  The 
white-light  source  can  be  made  to  appear  more  coherent 
at  the  input  plane  of  the  optical  processor  by  the  indepen¬ 
dent  manipulation  of  the  temporal  coherence  and  spatial 

Manuscript  received  June  S.  i9S4.  revised  October  IS.  1984  This  wort 
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coherence  of  a  wide-band  or  white-light  source,  where  the 
desired  degree  of  coherence  is  specified  by  the  require¬ 
ments  of  the  particular  process  of  interest.  Thus,  the 
white-light  processor  can  operate  in  both  an  incoherent 
mode  or  a  partially  coherent  mode,  and  can  therefore  pro¬ 
cess  signals  in  complex  amplitude  [3]  such  as  the  coherent 
processor.  The  white-light  processor  is  of  primary  interest 
herein,  and  its  advantages  are  worth  repeating. 

The  coherent  source  is  most  often  quite  expensive.  The 
white-light  source  is  much  less  so  and  can  even  be  an  in¬ 
expensive  slide  projector,  as  in  this  system.  The  alignment 
and  operation  of  a  coherent  system  is  generally  complex 
and  sensitive  to  vibration  and  other  environmental  factors. 
The  white-light  processor  is  not  as  sensitive  and  thus  lends 
itself  better  to  use  in  a  less  strictly  controlled  laboratory 
environment. 

The  foremost  advantage  of  the  white-light  processor, 
without  question,  is  its  ability  to  suppress  the  noise  nor¬ 
mally  associated  with  coherent  optical  processing.  Yet  by 
using  the  white-light  processor  in  a  partially  coherent 
mode,  it  can  process  in  complex  amplitude,  as  a  coherent 
optical  processor,  thus  showing  a  simultaneous  combina¬ 
tion  of  the  attributes  of  a  coherent  system  and  an  inco¬ 
herent  system. 

The  white-light  processor  is  also  immensely  better 
suited  for  color  optical  processing  because  of  its  wide-band 
spectral  content.  Coherent  optical  processing  in  color  re¬ 
quires  the  use  of  multiple  coherent  sources  thereby  dou¬ 
bling  or  tripling  the  cost  of  the  system  source. 

II.  Motivation 

To  demonstrate  the  abilities  of  simple  optical  processing 
systems  and  their  application  to  undergraduate  optics  labs, 
the  low-cost  white-light  optical  processor,  herein  after  re¬ 
ferred  to  as  the  LCP.  has  been  developed.  The  motivation 
to  develop  such  a  low-cost  processor  may  be  suspect  to 
some  now  that  high  technology  and  sophisticated  equip¬ 
ment  are  visible  in  nearly  all  of  our  lives.  Yet  to  the  edu¬ 
cator  who  requires  optical  equipment  for  an  undergraduate 
level  optics  lab.  or  to  the  young  engineering  firm,  a  less 
sophisticated  (i.e..  less  expensive)  but  adequate  optical 
processing  system  is  attractive. 

The  LCP  is  thus  based  on  the  philosophy  of  seeing  how 
much  can  be  done  with  how  little.  There  is  an  elegance  in 
turning  to  the  basic  tools  that  the  early  researchers  in  op¬ 
tical  processing  used  and  applying  more  recently  devel¬ 
oped  techniques  to  them. 
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III.  Construction 

The  LCP  is  built  on  a  base  of  i  in  plywood.  The  lenses 
are  held  in  wooden  mounts  that  are  slotted  to  allow  ad¬ 
justments  along  the  wooden  rails  attached  to  the  base. 
Each  rail  is  faced  on  one  side  with  a  metal  strip  to  allow 
a  screw-  in  each  lens  mount  to  tighten  on  the  rail,  fixing 
the  mount  in  place.  Object  transparencies  and  filters  for 
experiments  are  held  in  mounts  which  are  similar  to  the 
lens  mounts  in  their  operation.  Translators  were  fabri¬ 
cated  in  a  machine  shop  and  run  on  a  simple  uncalibrated 
machine  screw.  The  entire  base  is  mounted  on  height-ad¬ 
justable  bolts  serving  as  legs  at  each  corner.  The  complete 
LCP  is  shown  in  Fig.  1.  Normally,  for  good  vibration  iso¬ 
lation,  the  slide  projector  is  placed  on  an  adjacent  stand. 
A  complete  list  of  equipment  is  shown  below. 


Equipment 

Quantity 

Model 

1) 

Lens  and  mount 

2 

Wollensak  209  mm 

// 4.5  Raptar  Copy 
Lens 

2) 

Slide  projector 

1 

Kodak  600H  with 

300  W  Lamp 

3) 

Transparency 

3 

mount 

4) 

LCP  base  with 
rails 

1 

5) 

Translators 

2 

6) 

Vibrating  mirror 

1 

General  Scanning, 

Inc. 

Model  G330 

7) 

Photodetector 

1 

8) 

Signal  generator 

1 

9) 

Oscilloscope 

1 

The  design  of  the  LPC  is  by  no 

means  optimal.  Substi- 

tution  of  materials  and  equipment  could  easily  be  affected 
in  later  investigations.  It  is.  however,  a  simple  system. 

The  copy  lenses  are  not  achromatic,  so  some  chromatic 
aberration  of  color  image  is  inherent,  although  not  limit¬ 
ing.  The  photodetector  is  a  photodiode  powered  by  self- 
contained  batteries  [5],  but  any  detector  available  is  suit¬ 
able.  The  vibrating  mirror  is  mounted  on  a  60  Hz  sole¬ 
noid.  driven  by  a  sine  wave  generator.  The  signal  gener¬ 
ator  and  oscilloscope  used  in  this  system  were  not  low 
cost,  as  is  the  other  equipment,  but  low-cost  versions  of 
these  two  items  do  exist. 

Three  of  the  four  optical  processing  techniques  inves¬ 
tigated  required  only  items  1-4  of  the  equipment  list. 
Thus,  the  LCP  is  truly  a  low -cost,  simple,  and  portable 
white-light  optical  processor. 

IV.  Experimental  Results 

Four  optical  information  processing  techniques  were 
used  with  the  LCP.  The  first  showed  the  LCP  as  an  optica! 
scanner  correlator.  Second,  the  LCP  was  used  as  a  color 
schlieren  optica:  system.  Third,  the  LCP  was  used  to  pro¬ 
cess  bubble  chamber  pnotographs  with  several  different 
spatial  frequenev  filtering  techniques.  Finally,  the  LCP 
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Fig.  1.  A  photograph  of  the  low-cost  white-light  optical  processor  (LCP). 

demonstrated  density  pseudocolor  processing  abilities. 
These  techniques  demonstrate  the  wide  range  of  the  ap¬ 
plications  with  which  the  LCP  can  be  used  to  aid  in  teach¬ 
ing  optics  and  optical  processing.  Many  additional  optics 
experiments  can  be  performed  using  the  LCP. 

A.  Scanner  Optical  Correlator 

The  LCP  is  configured  as  an  optical  correlator  [5]  to 
demonstrate  the  principles  of  correlation  and  convolution 
as  shown  in  Fig.  2.  Distances  between  components  are  in 
terms  of  focal  lengths.  The  pinhole  is  a  slide  placed  in  the 
slide  projector.  Ll  and  L2  are  nearly  identical  lenses— the 
angle  between  them  is  not  critical.  The  photodetector  is 
at  the  focus  of  L2.  The  signal  generator  drives  the  vibrat¬ 
ing  mirror  to  scan  the  image  of  f(x ,  y)  across  the  trans¬ 
parency  g(x,  y).  By  simply  reversing /U,  y)  to  form  fix, 
-y),  the  convolution  of  the  two  functions  can  be  ob¬ 
served. 

The  signal  transparencies  f(x,  y)  and  g(x.  y)  are  shown 
in  Fig.  3(a)  along  with  a  calculated  result  for  the  corre¬ 
lation  and  convolution  of  these  transparencies.  The  output 
irradiance  of  the  optical  correlator  is  shown  in  Fig.  3(b). 
The  output  shows  the  result  of  the  correlation  of  the  two 
transparencies  and  their  convolution.  Slight  differences 
which  occur  between  the  calculated  results  and  the  scan 
profiles  must  be  attributed  to  the  photodetector.  It  is  clear 
that  the  LCP  can  effectively  demonstrate  correlation  and 
convolution  in  one  dimension  for  ?  simple  slit  pattern. 

A  more  complex  problem  is  the  correlation  of  transpar¬ 
encies  in  both  the  x  and  v  directions.  To  demonstrate,  the 
second  transparency  g(x.  v)  was  mounted  on  a  translator 
to  allow  adjustment  in  the  x  direction.  The  maximum  out¬ 
put  of  the  photodetector  was  found  by  manually  adjusting 
the  translator  in  the  x  direction.  That  position  then  rep¬ 
resented  the  highest  level  of  correlation  in  the  x  and  y  di¬ 
rections  of  the  two  transparencies.  Fig.  4  shows  the  signal 
transparencies  and  the  results  of  this  two-dimensional  cor¬ 
relation.  Note  that  although  the  triangle  and  star  shape  can 
be  circumscribed  inside  the  circle,  the  autocorrelation 
function  is  higher  in  amplitude  than  any  of  the  cross  cor¬ 
relations  with  the  other  shapes. 

A  probiem  related  to  correlation  is  the  performance  of 
correlation  of  color  transparencies.  In  this  case,  we  con¬ 
sider  not  onh  a  spatiai  correlation  but  a  frequency  or  spec¬ 
tral  correlation  as  well. 
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Fig.  5.  Spectral  correlation  of  two  transparencies. 


Fig.  3.  (a)  Calculated  result  for  convolution  autocorrelation  of  a  three-slit 
transparency,  (b)  Output  intensity  distributions  of  the  convolution  and  the 
autocorrelation  obtained  from  the  LCP. 


The  response  of  the  photodetector  was  made  nearly  pan¬ 
chromatic  by  placing  a  blue-green  color  filter  at  the  input 
of  the  detector.  The  transmittance  of  the  first  transparency 
was  controlled  by  matching  a  neutral  density  filter  with 
the  red  and  green  color  filters  as  shown  in  Fig.  5. 


The  results  of  the  correlation  of  these  transparencies, 
seen  in  Fig.  5,  are  expanded  to  show  a  single  sweep  of  the 
correlator.  The  relative  heights  of  the  outputs  show  that 
although  a  high  degree  of  spatial  correlation  exists  in  the 
two  transparencies  (in  fact  they  are  identical),  the  degree 
of  spectral  correlation  causes  a  difference  in  the  correla¬ 
tion  of  the  two  transparencies. 

It  is  clear,  in  each  case,  that  the  LCP  can  be  used  as  a 
low-cost  method  of  demonstrating  and  teaching  the  prin¬ 
ciples  of  correlation  and  convolution.  The  fact  that  even 
more  complex  problems  in  correlation  of  two-dimensional 
and  color  transparencies  can  be  shown  is  a  bonus. 

B.  Color  Schlieren  Optical  Processing 

The  German  word  “schliere"  has  come  to  mean,  in  a 
transparent  medium,  a  local  inhomogeneity  which  causes 
a  diffraction  of  light  [6).  The  schlieren  method  is  used 
extensively  in  visualization  of  flow  in  aerodynamic  and 
thermodynamic  research,  but  the  technique  can  be  applied 
to  many  flow  visualization  problems. 

The  schlieren  method  is  an  incoherent  processing  tech- 
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nique  and  the  processor  is  therefore  linear  in  irradiance. 
The  diffraction  of  the  light  passing  through  the  transparent 
object  is  proportional  to  the  derivative  of  the  object  phase 
[4]  which,  in  a  fluid,  is  dependent  on  the  change  in  re¬ 
fractive  index  |8]. 

In  color  schlieren  optical  processing  [6]-[9],  the  LCP 
is  configured  as  shown  in  Fig.  6.  The  transparent  object 
is  located  at  PI.  Distances  are  in  terms  of  focal  lengths. 
Again  LI  and  L2  are  nearly  identical  lenses.  The  source 
encoding  masks  used  in  the  system  are  shown  in  Fig.  7(a), 
and  the  corresponding  filters  used  are  shown  in  Fig.  7(b). 
The  filters  were  placed  in  uncalibrated  translators  to  allow 
for  adjustment  in  the  p  and  q  directions. 

To  further  demonstrate  the  ability  of  the  color  schlieren 
processing  technique  to  provide  information  about  a 
transparent  object,  a  stationary  three-dimensional  object 
was  presented  at  the  input  plane  P 1  in  the  form  of  a  water 
drop.  The  water  drop  can  be  considered  as  a  transparent 
object  which  refracts  light  due  to  a  gradient  in  the  thick¬ 
ness  of  the  water  drop. 

From  Fig.  8(a),  it  is  clear  that  some  difficulty  exists  in 
the  interpretation  of  a  schlieren  photograph  without  color. 
The  light  and  dark  areas  do  impart  some  information  con¬ 
cerning  the  contours  of  the  water  drop,  but  do  not  clearly 
indicate  the  direction  of  the  inhomogeneities.  In  the  photo 
of  a  color  schlieren  image.  Fig.  8(b)  (costs  for  color  print¬ 
ing  prohibit  showing  the  color  image— color  prints  are 
available  from  the  authors),  the  direction  and  slope  of  the 
contours  are  much  more  clearly  indicated.  The  colors  are 
very  vivid  and  their  blending  indicates  the  direction  of  the 
contours  in  two  dimensions. 

Fig.  8  also  shows  two  of  the  limitations  of  the  LCP.  The 
dark  areas  of  the  photo  indicate  light  which  is  diffracted 
past  LI.  the  transform  lens  of  the  white-light  system.  With 
larger  lenses,  these  dark  areas  of  the  output  image  would 
contain  information  about  the  input  object.  Normally,  in 
flow  visualization  problems,  this  limitation  would  not  be 
as  severe  as  it  is  here.  Second,  light  appears  outside  the 
boundary  of  the  water  drop.  Since  the  lenses  are  not  ach¬ 
romatic  these  inconsistencies  are  attributable  to  the  quality 
of  the  lenses.  These  are  merely  distractions,  however, 
since  they  do  not  obstruct  the  object  image. 

Finally,  after  demonstrating  the  directional  qualities  and 
informational  advantages  of  color  in  Fig.  8,  Fig.  9  is  a 
black-and-white  reproduction  of  a  color  photo  which  shows 
the  flow  of  heated  air  from  a  soldering  iron  placed  at  PI, 
the  input  plane  of  the  system.  The  color  in  the  photo 
changes  from  blue  to  green  to  red  depending  on  the  direc¬ 
tion  of  the  heated  air  flow.  There  are  subtle  color  changes 
as  the  flow  changes  direction.  Although  no  quantitative 
data  are  presented,  the  value  of  the  visualization  of  such 
a  flow  of  a  gas  is  obvious  and  the  applications  numerous. 
The  ability  to  use  the  LCP  in  such  a  situation  makes  it  a 
valuable  low-cost  analytical  tool. 

C.  Optica!  Processing  of  Bubble  Chamber 
Even:  Photographs 

Processing  the  immense  number  of  bubble  chamber 
photographs  gamed  from  a  single  high-energy  experiment 
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Fig  6  Schematic  diagram  of  color  schlieren  optical  processor  m({.  j|)  is 
the  source  encoding  mask.  Hip.  q)  is  the  spatial  frequency  filters. 
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Fig.  7.  (a)  Source  encoding  masks  for  color  schlieren  optical  processing, 
(b)  Spatial  frequency  fillers. 

has  emerged  as  a  major,  labor-intensive  task  [10].  An  op¬ 
tical  technique  to  obtain  the  necessary  data  is  attractive  in 
terms  of  labor  saved  and  in  additional  features  that  the 
optical  processing  offers  over  standard  hand  processing. 

The  principles  of  spatial  frequency  filtering  used  in  the 
optical  processing  of  these  photographs  can  be  traced  to 
experiments  done  by  Abbe  (18731  and  Porter  (1906)  [11]. 
These  principles  are  the  basis  of  much  of  optical  process¬ 
ing.  and  this  technique  is  a  good  demonstration  of  those 
principles.  In  order  to  process  bubbie  chamber  event  pho¬ 
tographs  [  10],  the  LCP  is  configured  as  the  standard  white- 
light  optical  processor  as  shown  in  Fig.  10.  The  input  to 
the  system,  piaced  at  phne  PL  is  shown  in  Fig.  1]  and 
represents  a  "draftsman's  version"  of  a  bubble  chamber 
event.  The  horizontal  lines  are  called  "beam  tracKs"  and 


(b) 

Fig.  8  (at  One-dimensional  schlieren  optical  processing.  Source  mask  had 
no  color,  (b)  Black-and-white  picture  of  a  two-dimensional  color  schli¬ 
eren  optical  processing. 
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Fig.  9.  Black-and-white  picture  of  a  color  schlieren  optical  processing 
showing  flow  of  heated  air  from  tip  of  soldering  iron 

arc  normally  of  no  interest.  The  angled  ‘'event  tracks” 
are  the  signals  of  interest,  so  their  enhancement  is  the  ob¬ 
jective  of  the  processing. 

Four  different  filtering  schemes  were  used  at  plane  PZ. 
The  performance  of  each  filter  is  presented  to  show  the 
range  of  processing  possible  with  the  LCP. 

The  first  filtering  scheme  used  was  a  stop-band  filter 
shown  in  Fig.  12(a).  The  corresponding  output  of  the  LCP 
is  seen  in  Fig.  13(a).  Note  that  ideally  the  beam  tracks  are 
totally  suppressed,  but  in  practice  there  is  usually  just  a 
marked  contrast  difference  between  them  and  the  event 
tracks.  Normally,  the  enhancement  of  the  e\er.:  tracks,  as 
shown,  is  the  effect  required. 

The  second  filter  is  a  directional  high-pass  filter  as 
shown  in  Fig.  12(b)  oriented  in  the  direction  of  the  event 
tracks'  spatial  frequency  diffraction.  The  corresponding 


Fig.  II.  A  bubble  chamber  eveni  phoiogruph. 
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Fig  1C.  Spatial  frequency  fillers  used  for  processing  bubble  chamber  eveni 
phoiographs.  (a)  Slop-band  filler  (bi  Directional  high-pass  filter,  (c)  Color 
filler  wnh  zero-order  stop  id)  Color  directional  high-pass  filter 

ideal  output  of  the  LCP  is  seen  in  Fig.  13(b).  Usually  the 
beam  tracks  are  almost  completely  suppressed  and  only 
those  event  tracks  at  the  proper  scattering  angle  are  shown. 
This  is  most  useful  in  measuring  these  angles.  Note  that 
a  two-slit  filter  should  be  made  which  would  show  both 
directions  of  the  event  tracks,  allowing  the  angle  between 
the  two  event  tracks  to  be  found. 

The  third  filter  brings  in  the  dimension  of  coior  as  shown 
in  Fig.  12(ci.  Rather  than  suppress  the  beam  tracks,  a  color 
contrast  is  produced  in  the  tracks  as  seen  in  Fig.  Uiai 
which  is  a  black-and-white  reproduction  of  a  color  photo. 
The  beam  tracks  are  biue  and  the  e\ent  tracks  arc  rec. 

The  fourth  filter  is  shown  in  Fig.  !2<di.  This  method  is 
least  accurate  in  portraying  the  scattering  angles,  yet  pro¬ 
vides  the  dearest  coior  coding  and  is  seer,  in  the  biacs- 
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Fig.  13.  (a)  Output  of  LCP  using  stop-band  filler  to  suppress  beam  tracks, 
(b)  and  (c)  Output  of  LCP  using  directional  high-pass  filter  to  show  only 
event  tracks  in  a  particular  direction. 


(») 


(b) 

Fig.  14.  (a)  Black-and-white  picture  of  a  color  output  of  LCP  using  color 
filter  with  zero-order  stop.  Beam  tracks  are  biue  and  event  tracks  are  red . 
fb)  Black-and-white  picture  of  a  color  output  of  LCP  using  color  direc¬ 
tional  high-pass  filter.  Beam  tracks  art  yellow  and  event  tracks  are  red. 

and-white  photo  Fig.  14(b).  The  beam  tracks  are  bright 
yellow  and  the  event  tracks  are  red.  The  addition  of  color 
clearly  delineates  the  areas  of  interest. 

As  stated  before,  these  filtering  methods  generalize  to 
any  object  wherein  a  regular  pan  era  may  obscure  a  point 
of  interest  having  a  different  directional  orientation.  A 
scratch  on  an  integrated  circuit  mask  could  easily  be  de¬ 
tected  using  the  LCP  in  this  optical  processing  mode. 


Fig.  IS.  Spatial  frequency  filter  for  pseudocolor  encoding. 


D.  Density  Encoded  Pseudocolor  Optical  Processing 

For  pseudocolor  optical  processing  through  contrast  re¬ 
versal  [4],  the  LCP  is  configured  as  a  standard  white  light 
optical  processor,  as  in  Fig.  10,  with  a  different  object 
image  at  plane  P\  and  a  different  filter  at  plane  P2.  The 
filter  used  at  the  spatial  frequency  plane  PI  is  seen  in  Fig. 
15.  The  color  filters  shown  in  the  figure  are  used  during 
only  part  of  the  process. 

The  object  image  was  contact  primed  to  yield  both  the 
positive  and  negative  images  of  the  object.  These  two  im¬ 
ages  were  sequentially  recorded  on  a  third  sheet  of  film 
and  encoded  by  the  use  of  a  40  lines/mm  Ronchi  grating. 
Since  the  sampling  theorem  states  that  we  must  sample  at 
twice  the  highest  frequency  that  we  wish  to  encode,  the 
highest  spatial  frequency  encoded  properly  is  20  lines/ 
mm.  This  is  also  nearly  the  limit  of  accuracy  in  hand 
alignment  of  the  positive  and  negative  images  during  the 
encoding  process.  The  recorded  image  was  then  chemi¬ 
cally  bleached  during  the  film  processing  to  yield  a  trans¬ 
parent  phase  object  with  a  high  diffraction  efficiency. 

Since,  in  pseudocolor  processing,  we  are  most  inter¬ 
ested  in  the  quality  of  the  color  output  of  the  processor. 
Fig.  16  shows  a  black-and-white  photo  of  a  pseudocolor 
image  of  an  X-ray.  The  more  dense  parts  of  the  hand  are 
green  while  the  least  dense  parts  appear  in  red.  Smaller 
bones  and  tissues  are  more  easily  seen  in  color  rather  than 
in  a  conventional  black-and-white  X-ray  transparency.  The 
colors  are  very  rich  and  provide  better  visual  discrimina¬ 
tion  than  a  simple  black-and-white  image. 

V.  Conclusion 

The  LCP,  a  low-cost  white-light  optica]  processor,  has 
been  demonstrated.  The  system  is  simple  and  portable,  yet 
it  is  capable  of  performing  many  complex  optical  process¬ 
ing  techniques.  The  versatility  of  the  processor  and  its  low 
cost  make  it  especially  suitable  for  educational  instruc¬ 
tion. 

Four  techniques  of  optical  processing  were  demon¬ 
strated  using  the  LCP.  Correlation  and  convolution  of  two 
signal  transparencies  and  the  correlation  of  the  spectra] 
content  of  tv  transparencies  were  demonstrated.  The 
LCP  was  shown  to  be  able  to  perform  schiieren  optica! 
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Fig  16  Black-and-white  picture  of  a  pseudocolor  output  of  LCP.  More- 
dense  parts  of  the  X-ray  picture  appear  in  green  while  least-dense  pans 
arc  red. 

processing  for  several  different  transparent  input  objects. 
Optical  processing  of  bubble  chamber  event  photographs 
showed  the  spatial  frequency  filtering  capabilities  of  the 
LCP  to  simplify  a  very  tedious,  labor-intensive  job.  Fi¬ 
nally,  a  demonstration  of  density  pseudocolor  processing 
was  presented. 

Considering  these  processes,  the  message  is  clear— a 
low-cost  optical  processor  such  as  the  LCP  is  able  to  aid 
in  teaching  complex  techniques  of  optical  processing  that 
are  normally  associated  with  specialized,  sophisticated 
optical  systems.  There  is  an  elegance  in  the  fact  that  some 
of  the  optical  processing  techniques  demonstrated  herein 
were  pioneered  over  a  centun  ago.  For  the  next  100  years, 
they  were  researched,  refined,  and  applied  in  increasingly 
accurate  and  complex  optical  systems,  yet  now  are  finding 
renewed  interest  when  applied  to  a  system  more  akin  to 
those  early  processors. 
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A  method  for  real-time  color-coding  of  depth  uving  j  white-light  Talbot  interferometer  tv  prevented.  Ba-ed  on  the  tavt  that 
the  Talbot  planev  of  a  grating  are  formed  at  different  divtance-  for  different  colors,  the  topographical  -tru^ture  of  a  -urtace  can 
be  color-coded  in  real-time.  Experimental  results  are  provided  to  vertfv  the  proposed  method. 


1.  Introduction 

The  technique  of  depth  sensing  has  become  an  im¬ 
portant  issue  for  advanced  industrial  inspection  [1], 
Generally,  the  depth  measurement  can  be  undertaken 
optically  by  means  of  interferometry  [2]  and  moire 
effect  [3]  for  small  and  large  depth  variations,  respec¬ 
tively.  However,  these  methods  only  provide  relative 
depth  information.  Methods  based  on  the  Fresnel  dif¬ 
fraction  theory  providing  absolute  depth  information 
have  been  presented  recently  (4.5).  In  these  methods, 
the  depth  information  is  recovered  from  the  distance- 
modulated  Talbot  image  of  a  grating  with  coherent 
processing.  A  white-light  processor  is  then  applied  to 
display  the  information  in  pseudocolor  (5 ) . 

The  white-light  processor  has  been  used  for  color 
coding  in  many  ways.  Besides  the  exploitation  of  its 
excellent  low-noise  performance  (6).  the  generation 
of  color  fringes  in  the  Talbot  interferometer  [7]  has 
been  utilized  to  encode  phase  information  [8]-  When 
a  grating  is  illuminated  by  a  collimated  monochro¬ 
matic  light,  an  image  of  the  grating  will  be  formed  at 
the  multiples  of  a  certain  distance.  This  pnenomenon 
is  known  as  Talbot  effect  [7] .  By  means  of  a  white- 
light  illumination,  the  color  Talbot  images  are  gener¬ 
ated  at  different  distances.  In  other  words,  the  color 
of  the  Talbot  image  contains  length  information.  If  a 
surface  is  exposed  to  reflect  the  Talbot  image,  the 
depth  information  of  the  surface  is  surely  encoded  in 
the  color  of  the  Talbot  image  at  the  observation  plane. 

78 


Therefore,  a  direct  color-coding  of  depth  can  be 
achieved  by  using  a  white-light  Talbot  interferometer. 
The  present  method  will  provide  a  real-time  color¬ 
coding  of  depth  without  using  liquid  crystal  light 
valve  and  TV  camera  system  asm  the  previous  meth¬ 
od  (5). 

2.  Principle  of  operation 

Theoretical  description  of  the  Talbot  effect  has 
been  presented  in  a  great  detail  in  the  literature  [7). 
This  section  is  essentially  devoted  to  give  a  theoretical 
concept  for  the  special  application  concerned  with 
the  color-coding  of  depth. 

Consider  that  a  monochromatic  plane  wave  is  in¬ 
cident  on  a  Ronchi  grating.  The  field  behanc  this  grating 
is 

u (.t,  y ;  0)  =  72  An  exp(2“i/ur;’<i)  .  (1) 

where  is  the  period  of  the  grating.  .4  „  is  the  nth  co¬ 
efficient  of  the  Fourier  series.  The  angular  plane  wave 
spectrum  at  the  grating  is  given  by  the  Fourier  trans¬ 
form  of  eq.  (1)  as 

u;0)  =  72  An5(v  -  nid)&(ii)  .  (2) 

The  propagation  of  the  angular  plane  wave  spec- 
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trum  is  formulated  by  the  Ravleigh-Sommerfeid- 
Debye  (RSD)  theory  as  [7] 

u(v.p:z) 

=  tHy.p.O)  exp  [2rri(l  -  \~(v~  +  p~ ) ) 1 " -  ■  M  ' 

Correspondingly,  the  angular  plane  wave  spectrum  at 
a  distance  z  from  the  grating  becomes 

u(i>.  p:  z) =  S  An5(v  -  n!d)h(p ) 

X  exp  [2-i(l  -\ln-id2)ir-z;\}.  (-) 

and  the  optical  field  can  be  expressed  as 

u(x,y\z)~  luAntxp{2zinxjd ) 

X  exp  (2  rri(  1  -  \-n-/d-)^  '~  c/X] .  (5.) 

Assuming  that  the  grating  is  rough  enough  such  that 
d  >  inX|,  one  can  approximate  that 

(1  -XV/d:)1/:  =  l-jXV  d:  .  (6) 

Eq.  (5)  then  becomes 
u{x,y,z)  =  expCrir/X) 

xE/ln  exp ( 2" \nxjd ) exp ( -  ysn-'kz'.d-).  (7) 

Consider  that  an  identical  grating  is  placed  at  a  dis¬ 
tance  z  from  the  first  grating.  The  amplitude  trans¬ 
mittance  of  this  grating  can  be  expressed  as 


G(x,y)=  Z/  Am  txp(2zimx!d) .  (S) 

m  *—  •• 


After  passing  through  the  second  grating,  the  field  be- 

hind  this  grating  becomes 

p(x,y:z)  =  u(x,y;z)G(x.y) . 

And  the  total  intensity  is 

(9) 

P  ~  J  j \p(x.y\z)\2  ix  ay  . 

(10) 

According  to  the  Parseval  theorev,  the  total  intensity 

can  also  be  expressed  as 

P-ff  \p(v,  u;c)l:  dudp  , 

(11) 

where  p{v,  p. :)  is  the  Fourier  transform  of  p\x. y:z). 
and  can  be  expressed  as 

p{v.p\z)  -  u(p.p:r)*  G(v.p) .  (12) 

where  *  denotes  a  convolution  operation  and  G(v.  p) 
is  the  Fourier  transform  of  G(.t.  y).  By  substituting 
eq.  (4)  with  the  approximation  of  eq.  (6)  and  the 
Fourier  transform  of  eq.  (8)  into  eq.  (1 2).  it  yields 

p[v,  p.z)  =  exp(2-ic/X) 

X  72  2  A„  expf  —  irrei-Xr  cf-) 
n  m 

X  Am5(v  -  (n  -  m)/d)S(p)  .  (13) 

Neglecting  the  unimportant  phase  factor,  exp(2"ic/X), 
the  total  intensity  becomes 

?=  ff!  Z)  I^A„Amexpl-ir:n-\z/d2) 

J  J  i  n  m 

,  •) 

X  &(v  -  (n  -  m)ld)b(p)  (  d vip.  (14) 

It  is  apparent  from  this  equation  that  the  total  inten¬ 
sity  P  is  maximum  when 

:  -  z^-kld-j'K  .  (15) 

where  Hr  is  an  integer.  This  condition  is  known  as 
Talbot  distance. 

Inorder  to  illustrate  eq. (14)  more  clearly,  a  model 
of  cosine  grating  is  applied.  The  amplitude  transmit¬ 
tance  of  a  cosine  grating  is 

C{x.  y)  -  1  +  j  exp(2:rix'</)  +  \  e.xp(-2rr ix'd )  .  (16) 

This  equation  can  be  expressed  in  the  form  of  eq.  (1) 
where 

^0-1.  ^1=^-1  =  i- 

/ln=0,  for  |n|*l,  n  =  0  .  (17) 

With  the  same  approximation  appiied  on  eq.(S).  the 
total  intensity  becomes 

P  =  c  +  cos  (ir\:ld-)  ,  (18) 

where  c  is  an  arbitrary  constant.  It  is  apparent  again 
from  eq.  ( 1 8)  that  the  totai  intensity  P  is  maximum 
when 

z  =  Zj  =  k  2dJ/X  . 
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The  distance  r-j-  is  again  the  Talbot  distance  as  stated  pears.  To  extract  the  color  of  the  eratins  imaee.  the 

previously  in  eq.  (14).  Therefore,  the  strongest  color  test  surface  is  then  imaged  by  lens  L?  through  a  beam 

observed  indicates  the  distance  between  two  gratings.  splitter  (BS)  on  the  second  grating  C,.  The  back  side 

of  Cj  is  covered  with  a  diffuser  to  make  the  output 
observable. 

3.  Experimental  setup 

An  optical  setup  can  be  constructed  to  conduct  4.  Experimental  verification 

the  depth  measurement  as  shown  in  fig.  1.  A  white- 

light  point  source  is  collimated  by  an  achromatic  lens  In  practice,  the  test  surface  usuallv  has  a  low  re- 

1-!  to  illuminate  the  first  grating  G j .  Every  mono-  declivity  that  is  difficult  to  collect  the  refected  light, 

chromatic  light  contained  in  the  white-light  possesses  This  drawback  would  restrict  the  method  oniv  apph- 
Talbot  plane  at  different  distance  from  Gt .  These  cable  to  the  test  surface  with  a  high  reflectivity .  In 

Talbot  planes  are  imaged  on  a  test  surface  by  lens  L:.  order  to  verify  the  proposed  method,  a  mirror-iike 

Since  the  surface  is  not  Hat.  a  colorful  grating  image  surface  was  used.  In  the  first  experiment,  a  surface 

is  formed  on  the  test  surlace.  The  grating  image  has  consisting  of  two  different  depths  was  tested.  The 

the  same  period  for  all  the  colors.  These  colors  are  side  projection  of  the  surface  is  depicted  m  fig.  dial, 

corresponding  to  the  topographical  structure  of  the  Fig.  2(b)  shows  the  color-coded  imaee  of  the  test  sur- 

suriace.  For  the  surface  element  closer  to  the  Gj .  a  face.  Moire  fringes  are  shown  in  the  picture  due  to 

red  color  is  observed,  and  for  the  surface  element  the  improper  alignment  between  the  orientations  of 

farther  away  from  the  Gj .  a  blue  or  violet  color  ap-  two  gratings.  Nevertheless,  the  moire  frinees  did  not 


DIFFUSER 


Fi«.  1.  Experimental  setup  for  real-time  depth  coloring  using  a  white-light  Talbot  interferometer. 
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affect  the  color  coding.  It  should  be  noted  that  the 
fringes  were  blue  in  the  upper  part  of  the  picture,  and 
were  orange  in  the  lower  part.  According  to  the  expe¬ 
rimental  setup  as  shown  in  fig.  1 .  where  a  100  lines/ 
inch  Ronchi  grating  and  an  imaging  lens  with  380  mm 
focal  length  were  used,  the  blue  color  corresponded 
to  a  distance  of  773.4  mm  from  grating  Gj .  and  the 
orange  color  corresponded  to  a  distance  of  770.7  mm 
from  Gi  .Therefore,  the  depth  difference  was  2.7  mm. 
This  agreed  with  the  real  structure  of  the  lest  surface 
as  shown  in  fig.  2(a). 

Another  experiment  where  a  concave  mirror  was 
used  as  a  test  surface  has  also  been  conducted.  The 


(a) 


SIDE  VIEW 

or  the 

TEST  SURFACE 


Fig.  3.  Black  -and  -white  picture  of  the  experimental  results  of 
alignment  color-coding.  The  color  of  the  moire  fringes  was 
gradually  changed  from  red  at  the  left  upper  corner  to  blue 
at  the  right  lower  corner. 


2.7  mm 


Fig.  2.  (a)  Side  protection  of  a  test  surface,  fb)  Blade -and- 
whjte  picture  of  the  color-coded  image  of  the  test  surface. 
F.tnges  were  blue  and  orange  in  the  upper  and  lower  parts 
respectively. 


combination  of  and  the  concave  mirror  forms  the 
image  of  the  Talbot  plane  of  grating  Gj  around  the 
position  of  the  second  grating  G; .  In  this  case,  the 
concave  mirror  provides  the  focusing  and  L3  can  be 
left  out.  If  the  concave  mirror  is  correctly  aligned,  the 
moire  pattern  observed  at  the  back  of  G,  will  be  a 
single  color.  However,  if  the  concave  mirror  is  tilted, 
the  moire  pattern  will  consist  of  gradually  varyinz 
coior.  Fig.  3  shows  an  experimental  result  when  the 
concave  mirror  is  slightiy  tiitec.  It  was  observed  that 
the  color  of  the  moire  pattern  was  gradually  changed 
from  red  at  the  left  upper  come:  to  biue  at  the  right 
lower  comer. 


5.  Theoretical  restrictions 

The  encoding  color  is  produced  by  overlapping  the 
second  grating  and  the  surtace  imaze.  Althoueh  the 
Talbot  images  ot  different  colors  are  produced  on  the 
test  surface,  the  contrast  is  too  low  that  the  coior  is 
difficult  to  be  detected  directly.  By  piactnz  the  sec¬ 
ond  grating  on  the  image  of  test  surface,  a  color 
moire  : rxr.ee  pattern  having  large:  fnnze  distance  and 
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better  contrast  can  be  observed.  If  the  second  grating 
is  aligned  perfectly  with  the  first  grating,  the  moire 
fringes  disappear  and  a  color  pattern  corresponding  to 
the  topographical  structure  of  the  test  surface  will  be 
produced.  It  is  understandable  that  the  finest  element 
of  the  test  surface  to  be  encoded  equals  to  the  period 
of  the  gratings. 

If  the  system  is  correctly  focused  for  one  object 
distance,  surface  elements  somewhat  closer  or  farther 
away  may  still  be  imaged  satisfactorily.  This  range  of 
satisfactory  imaging  is  called  the  depth  of  field.  By 
considering  that  the  blur  circle  due  to  disfocus  must 
be  smaller  than  a  grating  period,  the  acceptable  depth 
of  field  could  be  defined  [5]  as 

/<<//(  NA.),  CD 

where  (NA.)  is  the  numerical  aperture  of  the  system. 
d  is  the  period  of  the  grating  used. 

6.  Conclusion 

We  shall  conclude  that  the  topographical  structure 
of  a  surface  car.  be  encoded  in  color  based  on  the 
Talbot  effect.  Due  to  the  different  distance  of  the 
surface  element  to  the  first  grating,  the  Talbot  images 
with  different  color  at  the  surface  elements  are  ob¬ 
served.  The  contrast  of  the  color  is  enhanced  by 


imaging  the  test  surface  onto  the  second  identical 
grating.  The  color  is  produced  correspondingly  to  the 
distance  between  the  lest  surface  and  the  fust  grating. 
Therefore,  the  topographical  structure  of  a  surface 
can  be  encoded  in  color.  This  method  could  be  useful 
for  machine  vision  or  distant  inspection. 
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Codage  en  couleurs  des  objets  de  phase 
par  interferometrie  de  Talbot 

RESUME  :  On  presente  une  methode  de  codage  en  couleurs  d  un 
objei  de  phase  par  les  franges  de  Talbot  Si  on  eclairc  un  reseau 
par  un  faisceau  de  lumiere  blanche  collimate,  la  distance  de  I'image 
de  Talbot  variera  pour  dideremes  couleurs.  En  placant  un  reseau 
identique  a  une  certaine  distance  de  l  imagc  de  Talboi  reelle  ou 
virtuelle.  on  selectionne  une  de  ces  couleurs.  Une  representation 
en  couleurs  d  un  objet  de  phase  place  entre  deux  reseaux  peui  etre 
ainsi  obtenue  par  fillrage  spaiial  La  teinte  traduit  la  derivcc  pre¬ 
miere  spatiale  de  la  phase. 


SUMMARY  :  A  method  ot  color  \  istializaiion  ,.i  i  ph.ivt/  object 
based  on  lalbot  eflcct  is  presented  If  a  graiing  is  illuminated 
with  a  collimated  white-light,  the  distance  of  the  Talbot  image  will 
differ  tor  different  color.  B>  placing  an  identical  grating  at  a  certain 
distance  of  negative  or  positive  Talbot  image,  a  single  color  output 
is  extracted.  A  color  visualization  of  a  phase  object  placed  between 
two  gratings  can  be  performed  hv  a  first-order  spatial  filtering 
The  hue  is  related  to  the  first  derivative  of  the  phase  distribution. 
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I.  —  ISTRODL’CTIOS 

A  phase  object  can  be  observed  by  using  phase 
contrast  method  [1],  The  trradtance  of  the  image 
produced  by  phase  contrast  method  is  directly  pro¬ 
portional  to  the  phase  distribution  of  the  object,  if 
the  phase  is  small  compared  to  unity  [1],  On  the  other 
hand,  the  irradiance  of  the  image  produced  by  the 
Schlieren  method  [2]  or  differential  shearing  interfe¬ 
rence  microscopy  [3]  is.  however,  proportional  to  the 
first  derivative  of  the  phase  distribution.  The  analogy 
between  the  interference  of  two  wavefronts  and  the 
Moire  effect  leads  to  the  detection  of  phase  object  by 
using  two  gratings  [4],  The  image  of  the  phase  object 
formed  by  these  two  successive  gratings  is  equivalent 
to  multiple-shearing  interference  and  that  can  be 
reduced  to  triple-shearing  or  double-shearing  inter¬ 
ference  by  the  addition  of  proper  spatial  filtering  [5], 
The  irradiance  variation  of  a  single-color  fringe 
pattern  may  be  traced  by  photodetector  to  provide 
a  precise  information  of  phase  variation.  However, 
the  voior-coding  of  phase  variation  may  give  a  better 
v>uu’  perception  and  fast  interpretation  for  human 
ur.  irradiance  variation  does.  The  advantages 
.  .or  processing  have  been  described  in  detail 
-  nere  ',b  It  is  indeed  an  old  idea  to  encode  phase 
■  on  in  color,  as  one  can  look  back  to  the 
v  barer,  method  [6.  "].  Another  example  of 


quantitative  color  coding  of  a  phase  object  was  shown 
recently  by  Wu  and  Yu  [8].  In  their  method,  the  color 
indicating  the  phase  distribution  is  formed  by  a 
mixture  of  two  colors.  The  hue  is  directly  related  to 
the  phase  distribution. 

The  method  of  color  visualization  of  phase  object 
described  in  this  paper  is  based  upon  the  Talbot 
effeci  [9],  The  hue  is  proportional  to  the  first  derivative 
of  the  phase  distribution.  The  generation  of  color 
Moire  fringes  in  the  Talbot  interferometer  using  two 
gratings  has  been  pointed  out  by  Lohmann  and  Siiva 
[4.  5.  9].  Nevertheless,  the  color  visualization  of  phase 
object  based  on  the  T albot  effect  has  no:  been  proposed 
or  performed  yet 


II.  —  THEORY 

Theoretical  description  of  the  Talbot  effect  ha'  been 
presented  in  a  great  detail  :r.  me  literature  |u:  This 
section  is  essentially  devoted  '•*'  ewe  a  tneoreticul 
concept  for  tne  >rec;a.  application  o:  vOior  coding 
The  Taibot  effect  i-  also  xnewr.  a>  F  -une'  imaging 
or  seif-imaging  If  a  grating  i-  illuminated  by  a  coii.- 
mated  monochromatic  light,  an  image  of  tne  grating 
is  formed  at  multiples  of  a  distance  :  =  2  <;•  a.  where 
i/  is  the  crating  period  and  *  >  tne  illumination  \\a\e- 
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.  ng(ii  Tl"'  negative  images  of  the  grating  are  formed 
at  the  . . ces  :  d2lK  3  d2IK  5  d*iu  etc. 

A  coni|',l',e  theory  demonstrating  that  the  Talbot 
interferonVicr  produces  an  image  proportional  to  the 
derivative  a  phase  object  has  been  presented  by 
Silva  151  1  his  theory  is  applied  further  to  study  the 
color  cotl'"tt  a  Phase  object  in  this  section.  The 
schemata  <l(  diagram  of  the  optical  setup  is  shown  in 
figure  l  '  white-light  point  source  is  positioned  at 
the  front  •"cus  an  achromatic  lens  L,.  After  lens 
L  a  collnuaied  white-light  is  produced  to  illuminate 
the  first  Konchi  grating  Gx.  The  second  identical 
gratin"  <  <  ■  1S  separated  from  G,  by  a  distance  (:,  +r,). 
The  nha**1  “hject  to  be  studied  is  placed  at  plane  P , 
somewln'"'  between  two  gratings.  The  distances  of 
each  of  tin1  rraIings  and  the  object  plane  Pl  are  r, 
and  i ,‘spcctively.  Pz  is  the  spatial  filtering  plane, 
and  ~P  r1  the  observation  plane. 

Consul- r  a  collimated  white-light  incident  on  the 
Ronchi  fating  G, .  Since  white-light  contains  many 
wavelength*  f°r  each  of  these  wavelengths  the  field 
behind  (!••'>  grating  can  be  expressed  as 

r. 

u(.\.  v  :  -  I  *  =  exP<  -  d-'-i )  Z  c»  exP(-  n  i nxid) , 

n  *  -  7. 

(1) 

where  |  1*111  icr  series  denotes  the  grating  G,  of  periods. 
After  pn*|Mgating  a  distance  r,  and  passing  through 
the  obic  1  the  field  just  after  the  object  plane  r  =  0. 
is 


The  factor  exp(itim)  is  due  to  the  half-a-period  shift 
of  G2  with  respect  to  G,.  In  the  Fourier  domain 
Eq.  (5)  becomes  a  convolution  of  the  form 

T  OC 

«(v,/i:r2)=exp(  — iA-r,)  Z  Z  c„cMexp(mm)  x 

IIs  -  I  m  *  —  T 

x  fi0(v  -  (n  +  m),d,  p)  exp[iA(r,(l  -  (n/Jd)2]12  + 

+  r,  {  1  -  /.:[(v  -  m,£f)2  +  jt2]  }1/2)J  .  (6) 

The  angular  spectrum  of  the  field  at  the  observation 
plane  becomes 

t  r 

f(v.  Ji)=  y  y  c„  cm  expfi^m)  x 

n  *  —  r.  m  *  —  x 

x  u0(v  -  in  +  m),d,  p)  x 

x  exp  J  iA[c,  >l  rm  d  -  Tf  (11 /.Id)2  -  Tp( m/Jd )2]  } . 

(7) 

The  field  at  the  observation  plane  is  the  Fourier  trans¬ 
form  of  Eq.  (7),  that  is 


]  r:(m:  +  2  nut)-:,  if  j  + 

+  -.(«  +  m)  i  .  (8) 
l{  ) 


i/(.v,  i-;  ti .  1  =  exP<  ~  *-1 1  I  <„  m0(.v.  r)  x 

«  *  “  / 

cvpfiA  {  \v.  d  -  : , [  1  -  («/.  </):]‘  2  J).  (2) 

where  '•  11  1S  'he  two-dimensional  object  trans- 
mittani'  mnenon  Eq  (2i  is  obtained  directly  from 
Fresnel  .lill'raction  integral.  For  simplicity,  the  con¬ 
cept  ol  .<"g»htr  spectrum  is  applied  And  the  angular 
spectrin"  1,1  ^-9  l-1  can  be  written  as 


By  a  certain  spatial  filtering,  only  the  first  order  of 
Eq.  (7)  is  passed  through  a  slit  placed  at  plane  Pz. 
while  other  terms  are  stopped,  in  other  words,  we 
filler  the  n  -  m  =  1  term.  Since  c„  =  r,  =  0  for  even 
r>  1  and  n.  all  the  terms  in  Eq  (8 1  vanish  except  those 
of  m  =  0:  n  =  1  and  m  =  1.  11  =  0.  By  the  first-order 
spatial  filtering,  the  field  at  the  observation  plane 
becomes 

n.v.  n  =  cu  £-.  e\p|  2  -  i  ^  J  x 


ului."  1  =  I  |  w'A-,;0-'  ’ 

*  *  *  r 

*  exp[  -  2  "  it  i.v  -  iyt]  d  v-  dw  .  (3 1 

^  .iiiii.icted  wave  of  phase  object  propagates  a 
distant  :•  l^e  angular  spectrum  of  the  field  ai  the 
plane  n1,1  F>nor  10  can  expressed  as 


un./i.  '  =  CXP'  “  w-i 1  I  not '  -  a  d.  u)  x 

«  *  -  / 

«  expnA  !  :.[1  -  in/.  Jf  j:  ;  - 

-  :.[1  -  /.;i  ■ :  -  m - >] 1  ;  )) .  (4 1 

where  «<  ■'  '•  “ 1  1S  angular  spectrum  of  the  object. 
1.1  mst  after  grating  U-  is 

at  \.  :  *  *  »  I  im  expimmi  ■ 

m  •  -  j 

-  e.\pf2  .-  im.v  i/i  (5i 


If  the  first  grating  is  illuminated  by  a  monochromatic 
plane  wave,  and  the  distance  of  two  gratings  satisfies 
the  Talbot  distance  that  is  r;  -  ;;  =  2  Md *  /..  Eq.  (9) 
then  reduces  to 

n.v.  u  =  c0c-,,  exp  -  x 

r  /  c; /.  \  (,  ■<:.  I 

x  ur, I  V.  V )  -  n0(  V - .  V  exp  •  2  rr  1  — —  •  . 

L  “  i  -O* 

1IO1 

This  is  a  result  derived  by  Siiva  to  encode  the  first 
derivative  of  a  phase  object  in  varying  irradiance  [5]. 
However,  instead  of  irradiance  coding.  Eq.  (gi  could 
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III.  EXPERIMENTAL  DEMONSTRATIONS 

The  experiment  was  conducted  using  the  setup 
shown  in  figure  1.  Two  identical  glass  Ronchi  gratings 
of  period  d  —  0.23  mm  were  separated  by  a  distance 
r,  +  i  1 1  cm.  These  gratings  were  precisely 
aligned  such  that  no  Moire  fringes  w'ere  produced. 
As  a  transparent  phase  object  is  inserted  between  two 
gratings,  a  color  pattern  corresponding  to  the  first 
derivative  of  the  phase  object  is  observable  at  the 
plane  Ps. 

The  experimental  results  are  shown  in  figure  2. 
Figure  2(a)  shows  the  blue  background  adjusted  for 
Cj  11  cm.  This  pure  blue  background  color 

is  obtained  by  first-order  spatial  filtering  with  a  slit. 
When  a  piece  of  plastic  was  used  as  a  tested  object, 
a  color  pattern  was  observed  as  shown  in  figure  2(b). 
The  observed  colors  consist  of  yellow,  green,  blue  and 
v  iolet.  This  indicates  that  the  shearing  phase  difference 
are  within  36u.  i.e..  |  Acp  |  ^  36".  A  wedge  constructed 
by  two  pieces  of  glass  plate  filled  with  water  was  also 
used  as  a  tested  object.  Since  the  wedge  has  a  constant 
derivative,  it  should  produce  only  a  single  color. 
However,  if  the  wedge  is  tilted  with  respect  to  the  x 
axis,  the  shear  /.  ti  varies  as  ::  is  changed.  Because 
the  shear  varies  while  the  derivative  of  wedge  is 
maintained  as  another  constant,  different  shearing 
interference  results  are  obtained  for  different  posi¬ 
tion  .v.  Consequently  color  bands  are  produced  at  the 
observation  plane.  This  can  be  seen  in  figure  2(e). 
Two  color  bn-^ds.  vellow  and  green,  were  observed  in 
this  particular  result. 


IV.  C0.\CLLS10\ 

An  alternative  method  for  color  visualization  of  a 
phase  object  is  presented  in  this  paper.  The  first  deri¬ 
vative  of  the  object  transmittance  function  is  encoded 
in  color.  The  phase  object  to  be  studied  is  placed  bet¬ 
ween  two  gratings  separated  by  half  of  a  Talbot  dis¬ 
tance.  By  means  of  a  collimated  white-light  source 
and  a  first-order  spatial  filtering,  the  color-coded  phase 
pattern  of  the  studied  object  can  be  generated.  This 
color-coded  phase  pattern  is  found  to  be  related  to 
the  first  derivative  of  the  phase  distribution  in  the 
tested  object. 

It  is  noted  that  the  present  method  suffers  from  the 
fact  that  the  visualized  phase  information  is  only 
definable  in  a  limited  range.  Nevertheless,  it  provides 
distinct  results  for  phase  object  having  small  variation 
as  shown  in  the  experiment.  Furthermore,  the  color- 
coded  phase  pattern  gives  a  better  visual  perception 
for  human  in  real-time. 
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Abstract 


An  analysis  of  a  white-light  optical  processing  system  is  presented 


based  on  the  cross- spectral  density  function.  A  plane- by- plane  analysis  of 


the  cross  spectral  density  function  is  given,  including  the  effects  of 


source  size  and  grating  frequency.  The  degree  of  coherence  in  the  Fourier 


plane  is  examined  in  detail,  and  an  explanation  of  the  fan-shaped 


deblurring  filter  based  on  this  analysis  is  also  given. 


I.  Introduction 


There  has  been  interest  in  optical  image  processing  using  incoherent 
source.  In  the  past  decade  a  number  of  optical  processing  systems  using  a 
white-light  source  have  been  proposed-'  >?.  in  a  white-light  processing 
system  a  prism  or  a  grating  is  used  to  disperse  the  light  into  rainbow 
colors  providing  a  high  temporal  coherence  at  certain  regions  so  that 
coherent  processing  becomes  possible.  The  operation  carried  out  in  the 
white-light  system  is  in  fact  an  approximate  coherent  operation. 

In  the  conventional  approach  to  analyzing  a  white-light  processing 
system,  coherent  methods  are  adapted  to  describe  the  quasi-complex 
amplitude.  The  system  is  analyzed  for  a  given  wavelength,  then  the 
coherence  requirement  for  a  particular  optical  operation  is  determined. 3 

Recently  several  studies  have  been  performed  using  the  cross  spectral 
density  function  to  analyze  an  incoherent  optical  system.  Sudol  and 
Thompson11  used  the  cross  spectral  density  function  to  explain  the  Lau 
effect,  which  is  generated  by  two  identical  gratings  in  an  incoherent 
system.  The  technique  was  extended  by  Cartwright^  to  analyze  an  incoherent 
optical  system. 

In  this  paper  the  cross  spectral  density  function  is  used  to  study  a 
grating-based  white  light  optical  system,  analyzing  plane  by  plane  from  the 
source  to  the  output.  The  cross  spectral  density  function  is  used  to 
derive  the  degree  of  coherence  at  the  pupil  (Fourier)  plane  and  to  examine 
the  fan-shaped  deblurring  filter. 


f 
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II.  Propagation  of  Cross  Spectral  Density  Function 

The  cross  spectral  density  function  may  be  thought  of  as  a  correlation 
between  the  Fourier  components  of  the  light  oscillations  at  two  points  in  a 

wavefield.  If  v(r  +  V2  Ar,v)  and  v(r  -  V2  Ar,v')  are  the  fluctuations  of 
the  optical  wavefield  at  Q  (r  +  V2  Ar)  and  Q2(r  -  V2  Ar)  with  optical 
frequencies  v  and  v' ,  respectively,  the  cross  spectral  density  function, 


W(r,Ar,v)  is  defined  by 


W(r ,Ar,v)6( v-v’ )  -  <v(r  +  V2  Ar,v)v*(r  -  V2  Ar,v)> 


W(r,Ar,v)  ■»  /  f(r ,Ar,T)ei2lTVTdT 


where  r  denotes  the  position  vector,  the  sharp  brackets  denote  ensemble 


average,  the  asterisk  superscipt  indicates  complex  conjugate,  and 


r(r,Ar,T)  is  the  mutual  coherence  function. 


With  reference  to  paraxial  approximation,  the  propagation  of  the  cross 
spectral  density  function  from  one  plane  to  the  other  in  Fraunhofer  region 


can  be  written  as 


W' ( r' , Ar' , v)  -  — 


•*  •* 
■i  —  r'  •  Ar' 
Xz 


J7  W(r,Ar,v) 


-i  r—  ( Ar'  T+ArT'  ) 

i  4  4 

e  “  dArdr 


where  W(  )  and  W'(  )  are  the  cross  spectral  functions  defined  in  the  first 
and  the  second  plane,  respectively,  Z  is  the  propagation  distance,  and  X  is 
the  wavelength  of  the  light  source. 
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The  white  light  system  to  be  studied  is  shown  in  Fig.  1.  The  source 


plane,  P0,  contains  the  incoherent  light  source.  The  input  plane,  P-j  , 


contains  the  object  transparency  in  contact  with  a  grating.  Plane  P2  is 


the  pupil  plane  where  filters  may  be  placed  to  perform  the  desired  optical 


processing  operations.  Finally,  the  processed  image  is  obtained  at  the 


output  plane,  P3. 


From  Eq.  (3),  the  cross  spectral  density  function  propagating  from 


plane  P0  to  plane  Pi  would  be 


W  (r  ,Ar  v)  -  — //  W  (r  ,Ar  ,v) 

1  1  ufr  — 


2t  ,  ■*  ■* 

wi  Ar, t  +  Ar  *r, ) 

Xf  1  o  o  1  .  ,-*• 

e  dAr  dr 

o  o  , 


where  f  is  the  focal  length  of  all  the  lenses,  L0,  Li  and  L2.  For 


an  incoherent  source  in  plane  P  with  radiance  distribution  I(r  ,v),  the 

o  o 


cross  spectral  density  function  is  assumed  to  be 


Vr0’Ar0’v)  ’  A(v)  'W^V  - 


and  the  intensity  distribution  of  the  source  can  be  written  as 


j.  (r  )  ■  /  W  (v  ,0, v)dv  •  I  (r  )  /  A(v)dv 
00  00  v  0 

0  0 


By  substituting  Eqs.  (5)  and  (6),  Eq.(JJ)  becomes 


2~  ■*  -» 

OD  —  1 

w  (?  ,tr  ,»)  -  iisL  ;:(?  )• 

'  '  1  (if)1  v  0  0  • 
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The  overall  intensity  distribution  incident  at  the  input  plane,  Pi,  is 


I1 (r  )  *  /  W  (?1 ,A ,v)dv 
o 


.  2ir  •* 

oo  oo  —  i  -  r*  •  Ar 

,  A(v)  _  r  T  x  Af  o  or1 

/  - ~r  dv  /  I  (r  )e  dr 

,  .  -,4  VO  0 

O  (Af) 


Immediately  after  the  object  transparency  and  grating,  the  cross 


spectral  density  function  can  also  be  written  as 


W’  (?1  ,Ar1 , v )  -  t(?1  +  V2  A?1  )t*(?1  -  V2  Ar^  )g1  ( r 1  «•  V2  a r  ) 


g*(r1  -  V2  Ar^  )W1  (r1  ,Ar1  ,v) 


where  t(  )  and  g-j  (  )  represent  the  complex  amplitude  transmittances  of  the 
object  transparency  and  the  grating,  respectively. 

Similarly,  the  cross  spectral  density  function  at  the  pupil  plane  P2, 
is  found  to  be 

2  IT  -*■  •»  •+  -*• 

oo  -i  — -  ( Ar  *r  +Ar  »r  ) 

W  (r  ,Ar  ,v)  -  — —7  ;/  w:(r  ,Ar  ,v)e  A-1  2  1  1 

222  —  '  1  1  11 


— —r  J7  t(r  *  ^  Ar  )t*(r  -  \  Ar  )e 

(Af)  —  2  1  2 


2tt  -  **  -►  -*■  \ 

-i  —  (Ar .T.-Ar,  •  r „ ) 


dAri dr 


»  -i—  (Ar  -r.*Ar  -r  ) 

//  £.  (r^  *  l/2  Ar1)g’(r1  -  V2  Ar^  )  e  1  2  dA^dr, 


£  77  .  -*•  *♦  -*•  -♦  _ 

•  „  „  -i  —  (Ar  -r  *Ar  r  ) 

//  W1(r1,Ar1,v)e  A‘  dAr.dr. 


where  *  denotes  convolution.  By  Substituting  Ec.  (7)  into  the  Ec 
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W2(r2,Ar2,v) 


3  *(v)i .(-V^V'T'j'ir1 


T 2  ^r? 
*G(—  — -) 

lXf’Xf 


where 


P  TT  4  -►  4  -*■  N 

T,r2  ir2>  ,7  .  1  1  .  -1  u  (4r2"ViVr2)rt,;  ri* 

T(i?’ir)  ;;  t(ri  1 4ri,t,(ri  ‘  i  Ari,e  “iriari 


(12a) 


r  Ar  <» 

G — )  «  / /  a  (r  +  —  Ar  )e*(r 
Xf  Xf  ;  J  v  1  2  1  ;g1 '  1 


- i  -221  ( Ar  • r  + Ar  • r  ) 

1  +  ,  Xf  2  1  1  2  ..J 

-  Ar^  )e  dAr^  dr^ 


(12b) 


are  the  correlation  function  of  the  aperture  t(r-|  )  and  the  grating  g-](r-|), 
respectively. 

At  plane  Pg,  the  cross  spectral  density  function  would  be 

•  -i  —  (Ar  *r  +Ar  •r.j 

V  (r  ,Ar  v)  »  — —r  //  A(v)I  (-r  )5(Ar^)e  3  5  dAr„dr 

533  (Af j8  v  2  ^  ^  2 


■*  ■*  2t  •*  *  •*  •*  s 

*  r  Ar  -i  77  (ir  -r  ‘Ar  -r  ) 

x  //  T(T|,-7^)e  32  ^  3  dA?  d? 

A-  A-  L.  C 


*  r.  Ar_  -i  —  ( Ar^  T^+Ar.  •*%  ) 

X  "  °(Tr 'IT )e  “  '  ‘  ai?2°?2  . 

“  06 


The  first  integral  nay  be  written  as  A(v)2 (—?=•)  where 


•  .v" 


■+  .  2tt  -*■  -► 

Ar  -  ^  _1  Tf  ArYr2  - 

c(ir}  - ff  \{'r2)e  dr2  . 


“2 

If  we  let  Ar  -  0,  then  C(— rA)  is  a  constant  C0.  The  second  and  third 

3  ** 


integrals  of  Eq.  (13)  are  recognized  as  the  inverse  Fourier  transforms  of 


Eqs .  (12a)  and  (12b).  By  letting  Ar3  -  0  ,  the  cross  spectral  density 


function  can  be  shown  as 


K  (r  ,o,v)  -  CoA(v)t2(-?3)6^(-r3)  . 


The  output  intensity  distribution  is  therefore, 


2  ■*  2  - 

I,(r_)  -  B  t  (-r..  )g.  (-r,: 


where  B  -  C  /  A(v)dv.  It  is  apparent  that  tne  output  intensity 


distribution  is  the  image  of  the  object  transparency  modulated  by  tne 


ft-  -•'■‘■-‘fc  ■ 


V,'e  now  examine  the  pupil  plane,  z-c,  -sing  E: 


we  will  assume  that  the  radiance  distribution  of  tne 


uniform  over  a  circular  disw  of  diameter  cc ,  that  is  1 


and  that  the  frequency  factor,  k'\)  is  a  constant  over  tne  visible  light 


range  (v=in,  vEax). 


Tne  grating  used  m  the  wr.ite-1  igr.t  processing  system  car  me  eitr 


sinusoidal  amplitude  grating,  a  sinusoidal  prase  grating,  or  a  E; 


f  *--■<& 


mg.  Table  1  shows  tne  amrliti.de  and  intensity  transmittance 


md  the  correlation  functions  of  tr.e  three  gratings. 
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high  diffraction  efficiency,  we  will  use  the  sinusoidal  amplitude  grating 


to  simplify  the  analysis. 


The  correlation  function  of  the  grating,  A  rj  »  0,  is 


r 2  )  i  r 2  1  xp  y2  1  *2  y2  1 

l“lf>  *  5  -  -»)  *  *  Ti)3 


where  1 /h  is  the  spatial  frequency  of  the  grating.  In  order  to  get  some 
physical  insight,  consider  an  object  transparency  which  is  a  rectangular 

-  X1  yi 

aperture,  t(r  )  -  rect(-; — )rect(- — ).  Since  the  dimensions  of  the  aperture, 

1  Li  Ij 

x  y 

Lx  and  Ly,  are  much  larger  than  the  diameter  of  the  light  source,  d0,  from 
eq.  (12),  we  have , 


r  Ar  r  Ar 


by  substituting  Eq.  (16)  and  (17)  into  Eq.  (11),  we  obtained  the  followm? 
result: 


k2(?2,o,v)  -  1  i(v)|lv(-?2)  -  1  I  !•*. 


1  ;  ^ 

+  -  I  ( -  v  -V  -  — '  • 

A  V  2'  }2  r.  ' 


"hus ,  the  intensity  distribution  :r  plane 


x_i,r  )  •=  —  _  «,  -r.j  - 
u  2  *>  c  c. 


r.  -  !T.a  >: 
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Figure  2(a)  depicts  this  intensity  distribution.  It  consists  of  an 
image  of  the  white  light  source  at  the  origin  plus  one  first-order 
distribution  which  is  dispersed  in  the  y 2  direction  with  respect  to 
wavelength. 

In  reality  the  first-order  distribution  does  not  have  a  constant  width 
over  the  dispersed  wavelengths  as  shown  in  Fig.  2(a).  The  diameter  of  the 
light  spot  increases  with  wavelength.  Two  main  factors  cause  this  effect. 
Axial  chromatic  abberation  of  the  lens  brings  light  of  different 
wavelengths  to  different  focal  points  on  the  optical  axis.  Thus  if  plane 
P2  is  the  blue  focal  plane,  the  red  spot  will  be  out  of  focus  and  appear 
somewhat  larger  than  the  blue  spot. 

The  second  factor  is  that  the  focal  surface  is  spherical  with  radius  f 
rather  than  plane.  Again  if  plane  P2  is  at  the  focal  point  of  the  blue 
spot,  the  red  spot  is  out  of  focus  and  hence  somewhat  larger.  Referring  to 
the  geometry  of  Fig.  3(a),  the  two  effects  give  a  red  spot  of  diameter 

4  -  4  +  7CI  '  (rf)2]'V*(A£.  *  At  )  (20) 

r  0  f  h  i  2 

where  d0  is  the  diameter  of  the  blue  spot  (which  is  the  same  as  the 
diameter  of  the  white  light  source),  D  is  the  diameter  of  the  lens  or 

the  aperture  in  the  input  plane,  Av  is  red  wavelength,  A£-|  is  the  distance 
between  red  and  blue  focal  planes  due  to  chromatic  abberation,  and 

A  u\  .  f 

r  rb 

A£„  ■  - x -  .  and  AX  .  is  the  bandwidth  (from  red  to  blue). 

2  rb 

h 

Consider  a  numeric  example  where  the  condenser  is  a  single  lens  with  a 
large  relative  aperture  and  At-|  is  a  few  millimeters.  If  D/f  *1/10,  f  * 
381  mm,  Xr  -  5^61  A,  AXrv,  -  2x10-i)  mm,  h  »  1/136  mm,  d0  *  C.5C  mm,  and  A£-|  - 


3.0  mm,  then 


d~  -  0.50  mm  -  0.30  mm  -  C.089  mm  -  0.89  cm. 


M  -1*  _ 
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We  see  that  the  axial  chromatic  abberation  is  an  important  factor  in 
providing  the  coma-like  distribution.  In  our  example  the  effect  of  the 
spherical  field  departure  is  somewhat  smaller  but  would  become  significant 
if  a  higher  frequency  grating  is  used.  The  intensity  distribution  derived 
from  Eq.  (19)  and  Eq.  (20)  is  shown  in  Fig.  2(b)  in  a  3~D  computer  graphics 
plot. 

We  now  examine  the  bandwidth  of  optical  wavelengths  at  any  point  in 
the  first-order  diffracted  distribution.  Suppose  there  are  two 

A,f  Agf 

distinguishable  circular  distributions  1^  (o,-y2+  — — )  and  1^  (o,-y2+  — — ) 
with  the  same  diameter  d0  but  different  optical  frequencies  v i  and  \>2- 


Xf  X  f 

Referring  to  Fig.  3(b)  the  circles  intersect  at  anci  ^~X2’h~^‘  0ne 

can  have 


AX  «  A  -  A.  -  7  SC*  -  Hxl  (2D 

2  1  f  O  2 

A  f 

where  AA  is  the  bandwidth  of  light  incident  at  the  points  (x^,— ^  anri 
(-x  f~).  At  the  point  (0,^)  the  bandwidth  is 


AA 


(22) 


Thus  the  bandwidth  is  proportional  to  the  diameter  of  the  light  source  and 
inversely  proportional  to  the  grating  frequency  and  the  focal  length  of  the 
lens.  We  note  that,  the  bandwidth  decreases  as  it  move  away  from  the  >•£ 
axis. 


A  quasi-monochromatic  light  source  is  obtained  by  placing  a  pm  hole 
of  diameter  d*.  in  the  first-order  diffraction  intensity  distribution  at 


t  *+ 
l  ^ 


s. 


point  (o,— ). 

n 


The  bandwidth  of  this  secondary  source  is 


AX  -  7  (d0  +  V  . 


(23) 


We  stress  that,  Eq.  (23)  corrects  the  corresponding  equation  in  an  earlier 
publication  in  which  AX  »  y  d^  was  used. 

The  diameters  of  both  the  primary  source  and  the  pin  hole  affect  the 
bandwidth  of  the  secondary  source.  As  a  numeric  example  consider  f  -  380 


mm,  h  -  mm,  d0  -  0.5  mm,  and  d^  *=  0.5  mm.  At  any  point  on  the  y2 
axis  the  inherent  bandwidth  (due  to  the  primary  source)  is  about  100A. 
Over  the  secondary  source  pin  hole,  however,  the  bandwidth  is  about  200 A. 


III.  Coherence  at  the  Fourier  Plane 

We  now  examine  the  complex  degree  of  coherence  in  the  first-order 
diffraction  in  the  Fourier  plane,  P2.  The  complex  degree  of  spectral 
coherence  is  the  normalized  cross  spectral  density  function  and  is  defined 
as 


y(r,Ar,v) 


W(r ,Ar,v) 


[W(r  +  *4  Ar,o,v)W(r  -  4  Ar,o,v)]'2 


(24) 


and  the  complex  degree  of  coherence  is  defined  by 


T(r ,Ar,x) 


r(r,Ar,T) 


[ I ( r  *  *4  Ar)I(r  -  V2  A r)"/3- 


(25) 


where  I(r’)  is  the  intensity  at  r’,  given  by 


Since  the  light  is  separated  into  its  component  frequencies  at  the 


plane  ?2t  for  a  small  area  (Ax,  Ay)  around  a  point  (X2  -  0,  y2s~ 


and  Av  is  small  compared  to  the  mid-band  frequency,  v,  that  is  Av  <<  v. 

If  W(r,Ar,  v)  is  assumed  to  be  constant  over  the  bandwidth,  then  Eq.  (25) 


becomes 


Y(r,Ar,T)  -  y(r,Ar,v)e  i2lTVTsinc(  tAv)  , 


where  the  magnitude  of  the  complex  degree  of  coherence,  |  Y(r,Ar,t)  ,  gives 


the  visibility  of  interference  fringes  at  some  point  Q3  in  P3  plane,  due 


light  traveling  from  points  Q  (r^+  V2  Ar)  and  Q  (r^-  V2  Ar)  at  P2>  where  t  is 
the  difference  in  travel  times.  From  the  sinc(iAv)  envelope  in  Eq.  (26)  we 


see  that  visibility  fringes  can  be  observed  only  if  -r  <  . 


Yu  et  al^  recently  proposed  a  two-beam  interference  technique  to 


measure  the  degree  of  coherence  in  the  Fourier  plane  of  a  white  light 


processor.  A  slit  of  with  ds  is  placed  in  the  Pi  plane  in  contact  with 


and  oriented  perpendicular  to  the  grating.  The  amplitude  transmittance  of 


the  slit  is  t(r1  )  -  rect(— )rect(— )  ,  where  ds  <<  Ly.  Then 

s  y 


■  r2  ar2,  _  y2  ay2,  .  2„. „r4s 


T(Xf’Xf  )  *  6(Xf’Xf  -1  ds  SinCLXf  (x2  2  ^  Slnc  ^Xf  ^X2  ~  2 

(27) 


For  the  grating  we  consider  only  the  first  order  diffracted  term  at  y?  *  — 

c  h 


and  X2  -  0;  i.e., 


‘  2  L'  2 
CT  (— -  - ) 


X2  iX2  ”  2  1 


TT  «(— ,-t-)6(—  - 

1  C  A«  A*  A* 


— ) 


•*  O  '  J  *  -  *  •  V  •  »  *>  1  *  -  •  •  -  *>  *>  *  •  - 


The  cross  spectral  density  function  (for  the  circular  disk  source)  can  be 


evaluated  from  Eq.  (11),  i.e., 


V2(r2,  hr2,v)  -  dg2A(v)Ig  circ( 


2/x2  +  (y  -  — ) 
2  h  ; 


)6( Ay2) 


ds  Ax2  ds  AX2 

*  Sinc(y|(x2+  _£)  )Sinc(-^|(x2 - ^))  . 


For  Ar2  -  0,  it  reduces  to 


-  1  2  2/x2  +  (y2"  h^)2  ds  ? 

W  (r  ,o,v)  -  -r  d*A(v)I  circ( - - - -  - )*[Sinc(-fx_)r  .  ( 30) 

22  1o  s  s  d  Xf  2 

0 

We  now  analyse  the  complex  degree  of  coherence  around  a  given  wavelength, 
XQ,  between  two  points  that  are  symmetric  about  the  y2  axis  at 


J’2  ■  Eq.  (29)  and  (30)  can  be  rewritten  as 


W2(X2’°’Vo) 


d  2A(v  )I 
16  s  o  s 


2d 

/  [Sinc(r~(x  -0)1 

d  o1 

o 


x  d 

W2(r2,o,vQ)  -  yr  d£2A(vo)I  rect(-^)*[Sinc(-r^rx2)]2  .  (32) 

^  ”  *  co  o*  * 

Notice  that  W2(x2,o,v0)  is  symmetric  about  the  y2  axis,  i.e.  W2(x2»o,v0)  - 
W2(~X2,o,v0).  The  complex  degree  of  spectral  coherence  at  symmetric  points 


X  f 

with  respect  to  x2  -  0,  y2  -  — y-  is  (from  Eq.  (2i) 


y*(r,Ar,v  )  -  y(Ax?,v  ) 


2'  o'  »  x2  -  0  ;  y2  ~ 


2  d  d 

/  Sinc(-p^U  “  x2))Sinc(~pU  +  x2))d£ 

d  o  o 

0 


2  ds  2 

;  [Sinc(~(x  «OJ]  de 

d  o 

o 


if  XT 

where  the  two  symmetric  points  are  (x_,-— )  and  (->x_,— r~) 

2  h  2  h 


Since  the  light  is  separated  into  narrowband  frequencies  in  the 


first-order  diffraction  region  at  P2  plane,  Eqs.  (26)  (33)  would  be  used  to 


get  the  complex  degree  of  coherence  at  the  symmetric  points:  i.e. 


-i2irvor 

Y(x2,-x2,-r)  -  y*  (x2,-x2,vo)e  0  Sinc(iAv)  . 


It  is  apparent  from  Eq.  ( 3-4 )  that  y'  and  Y  are  functions  of  the  source  size 


d0,  and  the  width,  ds,  of  the  slit  in  the  plane.  The  factor 


y ' (x2,-x2, v0)  of  Eq.  (3*0  represents  the  spatial  coherence  between  the  two 


symmetric  points,  while  the  sinc(ibv)  factor  represents  the  temporal 


coherence.  The  main  range  of  y' (x2,-x2 , v0)  can  be  defined,  from  Eo.  (33), 


bx_  *  2  x  ■  2  - —  . 

cs 


This  is  in  fact  the  width  of  the  intensity  distribution  from  Eq.  (32)  when 


If 

d  <<  - — .  The  frequency  bandwidth  bv  of  Eq.  (3*0  corresponds  to  the 
o  c 

S  h  d 

o 


bandwidth  of  Ec.  (22)  and  is  given  by 


- x  c,  where  c  is 

*  >  ^ 


the  velocity  of  light  propagation. 


^  <r- 


% 


Now  consider  the  interference  in  the  P3  plane  of  light  from  the  two 


A  f  A  f 

points  (X2o'"h  ^  and  ^x20’~h-^  in  the  P2  plane*  Tiie  visibility  of 

fringes  produced  is  equal  to  |  Y(x2o»"X20' T )  l»  where  t  is  the  time 
difference  for  light  traveling  to  the  observation  point  (x^q.O)  in  the  P3 
plane.  Referring  to  Fig.  H,  we  see  that 


T 


2X20X30 


cf/1+(x2Q/f)‘ 


2X20X30 

cf 


(36) 


and  the  fringe  visibility  is 


h  d 

Y  j 

m  1 

i 

y’(x  ,-x  ,v  )sinc(  d  x  ) 

d  (Afr  30 

o 


(37) 


A  f 

where  d^  -  2x2Qf  is  the  separation  between  the  two  points  ^x2o,-h~^  and 


A  f 

(-  x  — — — ) 

20’  h 


In  the  interference  experiment  carried  out  by  Yu  et  al^,  a  pair  of 
slanted  slits  is  placed  in  the  ?2  plane  symmetrically  about  the  \r2  axis  to 

A  f 

produce  an  interference  pattern  in  plane  P,.  For  a  given  y  *  — — ,  the 


pair  of  points  in  the  two  slits  corresponds  to  the  wavelength  A0.  In  order 
for  all  pairs  of  points  at  different  wavelengths  to  produce  interference 
fringes  with  the  same  period  and  intensity,  the  angle  of  inclination  of  the 
slits  should  be 
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where  d^  is  the  mean  separation  of  the  slits  at  the  mean  wavelength,  X  . 
o 

Eq.  (38)  agrees  with  the  corresponding  equation  given  in  a  previous  paper^. 
However,  in  the  experiment  a  larger  angle  was  used  to  accommodate  the 
increase  in  spot  size  as  given  in  Eq.  (20).  A  more  detail  explanation 
of  the  inclination  angle  will  be  given  in  the  next  section. 

On  the  other  hand,  suppose  that  the  slit  in  the  P-j  plane  is  placed 
parallel  to  the  grating  rulings.  In  this  case  the  amplitude  transmittance 

-*•  1  1 

of  the  slit  is  t'(r  )  -  rect(— )rect(— )  ,  where  d  <<  L  .  Following  a 

1  L  d  p  x 

x  p 

procedure  similar  to  that  used  to  develop  Eq.  (33).  the  complex  degree  of 
spectral  coherence  can  be  shown  as, 


2  d  Ay  d  Ay 

/  Sinc(r2j:(-^  -£)  )Smc(-^(--^  +  0)<U 
d  o  0 


x0f  Ay2  if  iy2 

"  — r-  ~ — r-  V 


2  d0  4>'2  2 

do 


and  the  degree  of  coherence  (i.e.,  the  visibility)  is 

A  f  Ay.  A  f  Ay- 

y  ”  V  i—r-  *  — —r~ - — ,  v  )Sinc(i'Av) 

h  £.  T\  L  0 

where 


Ay2y30  ^  £y2y30 
A.  -  cf 

cf[w^r] 


By  substituting  Eq.  (Ml)  into  Eq.  (40)  and  considering 


'~2  (^0  -  Ay)  ,  we  get 


mm 


WWW 


194 


e 
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* 


I 
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s 

R 


% 


hAy?(d  +Ay  ) 

v  )Sinc( - r -  y  ) 

0  (X  f)2  30 

o 


(42) 


Now  if  a  pair  of  parallel  slits  is  placed  parallel  to  the  X2  axis  and 
X  f 


centered  at  y^ 


a  set  of  fringes  can  be  observed  in  plane  P_.  These 
h  3 


fringes  will  be  perpendicular  to  those  formed  by  the  system  with  the  slit 
perpendicular  to  the  grating  in  the  P-j  plane  and  the  pair  of  slanted  slits 


in  the  P2  plane. 

Fig.  5  and  Fig.  6  show  some  numerical  results  obtained  from  Eqs.  (37) 

and  Eq.  (42)  respectively.  Fig.  5  shows  the  degree  of  coherence  as 

a  function  of  the  mean  slit  separation  d^  for  various  values  of  source 

0 

size.  The  degree  of  coherence  is  averaged  over  X3  =  0.5,  1.0,  1.5,  2.0, 
and  2.5,  for  the  comparison  with  the  results  obtained  experimentally. 


Since  the  period  of  the  fringes  is  large  (for  example  of  d  -  0.6  mm,  the 

0 

period  is  0.69  mm),  the  visibility  measured  is  in  fact  an  average  value. 

Comparing  the  theoretical  analysis  in  Fig.  5  with  the  experimental 
results  given  in  Fig.  5  of  the  previous  paper?,  the  common 
features  are:  |  Y  |  decreases  as  d.  increases  and  some  of  the  zeros  of 

A 

o 

|  Y  |  move  toward  the  origin  as  d0  becomes  larger.  The  major  differences 
between  the  theoretical  and  experimental  results  are:  (1)  the  first  zero  c 
the  theoretical  curve  (d  =  0.52  mm)  is  at  a  smaller  mean  slit  separation 

A 

o 

than  that  of  the  experimental  curve  (d  «  1.5  mm);  (2)  for  large  d  the 

A  A 

o  0 

theoretical  value  of  |  Y  |  is  less  than  the  experimental  value  (for  example 

0.27  versus  about  0.4  for  d,  *  2.05  mm  with  d  -  0.6  mm  and  d  «  0.4  mm); 

X  s  o' 


and  (3)  the  theoretical  curve  has  more  zero  points. 


It  is  considered  a  possibility  that  if  more  observations  are  taken, 
the  experimental  curves  would  have  more  zero  points  and  would  more  closely 
match  the  theoretical  curves.  Another  factor  which  may  account  for  the 
difference  is  the  assumption  that  the  source  is  separable  into  luminance 
and  frequency  factors  and  has  uniform  luminance  over  a  circular  disk.  In 
fact  a  square  source  was  utilized  in  the  experiment. 

The  degree  of  coherence  for  the  system  with  parallel  slits  is  shown  in 
Fig.  6  as  a  function  of  slit  separation  for  various  source  sizes.  Its 
value  is  significant  only  in  the  main  lobe  of  the  curve. 
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IV.  Fan-Shaped  Deblurring  Filter 


In  this  section  we  present  an  analysis  of  the  smear  deblurring  method 


using  a  fan-shaped  filter  with  a  white  light  system  as  proposed  and 


performed  by  Chao  et  al 


It  is  well  known  that  the  point  spread  function  of  a  linear  blur 


process  is  a  line  segment.  In  a  white  light  system,  however,  the  smear 


point  spread  function  can  be  regarded  as  a  set  of  single  point  spread 


functions  acting  like  a  grating  with  amplitude  transmittance  function 


h(x,  ,y  )  -  rect(— )g(y  ) 

11  Cl  1 


where  a  is  the  smear  length  and  g(y-j)  represents  a  sinusoidal  amplitude 


grating.  The  corresponding  transfer  function  is 


"‘ipt?’  ■  B“VSlIK<t?  v*[s( W  *  i s( vv  r> 


Considering  only  the  f  irst-ordery’diff  racted  term  at  y^  -  —  ,  we  get 


?  n  r  C  \ 

2  E:=C‘-  *2 


y2  "  h 


where  B  is  a  proportionality  constant.  Notice  that  the  width  of  H'  is 


given  by  Lx  -  2  —  and  is  proportional  to  the  wavelength.  Thus  over  a 

c.  a 


'ange  of  wavelengths  the  filter  takes  a  fan  shape. 


"o  get  the  cross  spectral  density  function,  the  correlation  functions 


of  rectv  — )  and  g(y.  )  are  excresseb  as 


Vi 


*  h  ^  A  f  ’  A  f 


:)Smc(— (x  * 
kT  2 


— )  )Smc(— (x - — ) ) 

C.  Ai.dC 


and 


r  /  r 
r2  2 
G'  (—  — -) 

n  Af  a: 
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x  Ly  y 

6(77.77^)6(77 

a!  a:  a; 
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Following  the  same  procedure  as  from  Eq.  (27)  to  Eq.  (32)  the  cross 
spectral  density  function  is 


Kn(r2*°’V 


__  ,2 

16 


x. 


A ( v  )-  rect(_x)*LSinc(-J7  x„ 
os  c  /.  f  2 

o  o 


)32  . 


(H7 


x  A  f 

Since  the  function  rect^ — )  can  be  regarded  as  a  6  function  for  d  <<  — — 

do  o  a 

the  comparison  of  Eq.  (^7)  with  Eq.  (^5)  yields 

Wh  a  [H'  ]2.  ( 14 8 

Fig.  7  shows  Wh  as  a  function  of  X£  calculated  using  Eq.  (^8)  for  a 
given  value  of  a  and  various  values  of  source  size  d0.  A  curve  of 
a  2 

[smc!~  x„)]  is  also  shown  for  comparison.  The  difference  between  the 
-  A  f 

2  y  r 

(sine)  and  the  convolution  curves  is  less  than  10*  if  d  i  —  - . 

n,  -  i 


Given  a  smear  length 


0.5  mm.  and  A0  *=  5^6*  A,  the  corresponding  source 


size  depends  on  f ,  for  example,  f=35C  mm,  d0  b  C.26mm  and  f*1C00  mm 
d0  2  C.73  mm.. 

If  the  1C*  error  is  acceptable  for  a  deblurring  process,  t 
diameter  of  the  white  lirht  source  should  be 


hen  the 


Over  the  range  of 


plane  can  be  used  for  deblurring  at  the  wavelength  X0. 
visible  wavelengths  a  fan  type  filter  is  implemented.  Substituting 
X  f 

d  =2  —  into  Eq.  (40)  the  angle  of  inclination  is 

A  3 

0 

6  -  tan  1 (h/a)  .  (50) 

However,  this  expression  must  be  modified  to  account  for  the  increase  in 
spot  size  due  to  axial  chromatic  abberation  and  the  spherical  focal  surface 
Applying  Eq.  (20)  we  get 

6'  -  tan  1  (^  +  Ad  -— :)  (51  ) 

a  a  Aa r 


where 


n  X  „  X  AXf 


(52) 


From  the  numerical  example  of  Section  II,  we  obtain  6  «  35’  and  6'  -  3°. 


Thus  h/a<<  Ad^  and  the  angle  of  inclination  is  determined  mainly  by 


the  parameters  of  the  white  light  system  (the  axial  chromatic  abberation  m 
this  example)  and  not  the  smear  length  a. 
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V.  Conclusion 

The  cross  spectral  density  function  has  been  used  to  analyze  a 
white-light  optical  processing  system  with  a  grating  in  the  input  plane. 

The  propagation  of  the  cross  spectral  density  function  from  the  source 
plane  to  the  output  plane  was  examined  in  detail  and  used  to  derive  the 
complex  degree  of  coherence  and  intensity  distribution  under  certain 
assumptions  about  the  white  light  source.  A  theoretical  explanation  of  the 
fan-shaped  filter  for  deblurring  a  color  smeared  object  has  also  been 
presented.  Good  agreement  between  the  theoretical  and  experimental  results 
indicates  that  the  cross  spectral  density  function  is  a  useful  tool  in  the 
study  of  interference  phenomena  in  a  white-light  system. 

We  acknowledge  the  support  of  the  U.S.  Air  Force  Office  of  Scientific 
Research  grant  AFOSR-83-IO^O. 
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Fig.  1.  White-light  optical  processing  system. 


Fig.  2.  (a)  One  of  the  first  order  intensity  distributions  in  the  pupil 

plane,  (b)  Computer- calculated  3“D  graphics  representing 
corrected  distribution  of  (a). 

Fig.  3.  (a)  Chromatic  aberration  at  the  first  order  intensity  distribution 
in  the  pupil  plane  P£. 

(b)  Overlapping  of  two  first  order  diffracted  color  spots. 

Fig.  il.  Schematic  diagram  showing  the  path  difference  in  the  interference 
of  a  pair  of  slanted  slits. 

Fig.  5.  Degree  of  coherence  |  "Y  |  in  xg  direction  as  a  function  of  mean  slit 
separation  d,  for  various  values  of  source  size  d  . 

o  0 

Fig.  6.  Degree  of  coherence  |  Y  |  in  yj  direction  as  a  function  of 

parallel  slit  separation  d,  for  various  values  of  source  size  d 

*o  ° 

Fig.  7.  Convolution  factor  of  the  cross-spectral  density  function  shown  in 
Eq.  (68)  for  various  source  sizes  d0  and  an  additional  curve 
a  2 

of  [Sinc(-r— 7  x  )]  for  comparison. 
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Abstract 


Computer  simulation  and  experimental  results 
of  computer-generated  hologram  (CGH)  spatial  filters 
applied  to  the  deblurring  of  color  images  in  a 
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dispersed  white  light  optical  processor  are  presented. 
Significant  performance  can  be  achieved  with  moderate 
resolution  images  and  1-D  processing  operations.  Color 
smear  and  multi-band  filter/signal  spectrum  size 
mismatch  limit  applications  involving  large  space-band¬ 
width  images  and/or  2-D  processing  operations  with  the 
dispersed  system  configuration.  The  flexibility  of  the 
CGH  spatial  filter  fabrication  technique,  combined  with 
the  added  processing  dimension  of  wavelength  and  the 
inherent  ability  to  reduce  coherent  artifact  noise, 
make  this  processing  scheme  attractive  for  many  image 
processing  applications. 


Introduct ion 

Color  image  processing  with  Fourier  plane 
spatial  filters  in  a  dispersed  white  light  optical 
system^-  has  been  demonstrated  to  have  the  advantages  of 
reduced  coherent  artifact  noise,  reduced  cost,  and 
relaxed  conditions  for  the  processing  environment  when 
compared  to  strictly  coherent  systems.  The  added 
dimension  of  wavelength  may  provide  a  more  "natural" 


display  of  output  images  for  human  observation  or  it 
may  provide  added  flexibility  for  the  discrimination 
of  objects  in  pattern  recognition  systems.  The  white 
light  system^  utilizes  a  set  of  band-by-band  spatial 
frequency  filters  to  process  quasi-2-D  spectra  and 
has  been  applied  to  complex  color  signal  detection, 
smeared  color  image  deblurring,  color  image 
subtraction,  and  spatial  frequency  and  density  pseudo 
color  encoding. 

Applications  requiring  the  realization  of 
complex  functions  in  the  spatial  filters  present  two 
major  difficulties  for  the  dispersed  white  light 
processing  scheme.  First,  the  complex  processing 
operations  require  a  significant  degree  of  coherence 
to  be  maintained  in  the  system,  which  is  difficult  to 
achieve  while  still  maintaining  sufficient  light 
energy  for  processing.  This  problem  has  been 
partially  overcome  for  some  processing  applications 
through  the  clever  use  of  source  encoding  techniques. 
Second,  the  patterns  contained  in  the  complex  spatial 
filter  bands  must  be  matched  in  scale  to  their 
corresponding  wavelength  bands  of  the  dispersed 
Fourier  spectra.  Interferometric  recording  and  thin 
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film  deposition^  have  both  been  used  to  fabricate 
these  complex  spatial  filters,  but  are 
considered  too  time-consuming  or  too  costly  for  most 
applications.  An  alternative,  which  is  the  subject 
of  this  paper,  utilizes  the  maturing  computer- 
generated  hologram  (CGH)  technology4-7  for  the 
fabrication  of  the  complex  multi-band  filters.® 

We  will  present  analysis  of  the 
characteristics  exhibited  by  the  CGH  filters,  which 
are  unique  to  the  dispersed  white  light  processor. 
The  range  of  wavelengths  processed  by  each  filter 
band  has  the  most  significant  effect  on  1-D 
processing  performance,  while  similar  effects  can 
be  expected  for  2-D  processing  operations  as  well. 
The  effects  on  processing  performance  due  to  color 
smearing  are  similar  to  those  produced  by  white 
light  illumination  of  conventional  holograms,  but 
can  be  substantially  reduced  by  minimizing  the 
spatial  width  of  each  filter  band.  Computer 
simulation  and  experimental  results,  using  the 
processing  example  of  linearly  smeared  color  image 
deblurring,  demonstrate  the  processing  performance 
achievable  with  the  proposed  CGH  multi-band  filter 


concept.  The  feasibility  of  using  phase-only 
CGH  filters^  in  the  white  light  processor  is  also 
demonstrated.  At  the  same  time,  limitations  of 
the  technique  become  apparent  when  applied  to  the 
processing  of  color  images  having  substantial 
baseband  energy  along  the  dispersion  axis. 


\S‘ 


Mathematical  Formulation 

The  color  image  processor  using  computer-generated 
spatial  filters  is  based  on  the  dispersed  white  light 
optical  processor  discussed  in  previous  papers. 

The  optical  arrangement  for  the  system  is  depicted  in 
Fig.  1.  A  collimated  beam  of  white  light  is  produced 
from  an  arc  lamp  source  through  a  pinhole  spatial 
filter.  The  color  image  to  be  processed,  usually  in 
the  form  of  a  color  transparency,  having  transmittance 
s(x, y;x),  is  placed  in  contact  with  a  diffraction 
grating  having  transmittance  tg(x)  in  plane  Pj. 

Ideally,  the  grating  must  have  both  high  and  uniform 
diffraction  efficiency  throughout  the  range  of 
wavelengths  to  be  processed.  The  combined  transmittance 
at  the  input  plane  is 

s(x,y)tg(x)  =  s(x,y) [1  +  cospoxj,  (1) 

where  po  is  the  angular  spatial  frequency  of  the 
grating  and  it  is  understood  that  the  input  color 
image  transmittance  depends  on  wavelength.  The 
signal  spectrum  is  assumed  bandlimited  according  to 
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the  description 


S(p,q) 


//s(x,y)exp[-i (px+qy) ]dxdy  for  lpl<Pmax 

and  lqf<qmax 


0  otherwise. 


(2) 


An  achromatic  transform  lens,  Li,  placed  one 
focal  length  behind  the  input  plane  produces  the  two 
dimensional  Fourier  transform  at  the  spatial 
frequency  plane  P2«  The  complex  light  distribution 
at  P2  is  described  by 

E(p,q)  *  Ci///s(x,y) [1  *  cospox ]exp[ - i (px+qy ) ]dxdydx , 

(3) 


where  the  integration  is  performed  over  the  input 
spatial  domain  and  the  spectral  band  of  the  light 
source,  (p,q)  represents  the  angular  spatial  frequency 
coordinate  system,  and  C}  is  a  complex  constant. 

The  color  spectra  in  the  first  order 
diffraction  term  of  the  spatial  frequency  plane  are 
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dispersed  so  that  they  may  be  operated  upon  by  a 
multi-band  spatial  filter.  In  general,  the  band-by 
band  filter  can  be  described  by 

N 

H(p,q)  *  C  r  Hj (q)rect[q/(2qjmax) ]rect[ (p-pj )/2 ( Apj ) ] , 
j-1  (4a) 

and 

Hj(q)  *  I Hj (q) | exp[ i *j (q) ] ,  (4b) 

where  the  first  factor,  Hj(q)  in  the  summation  represents 
the  complex  spatial  filter  for  one-dimensional  processing 
in  the  jth  wavelength  band;  the  second  factor  represents 
the  spatial  frequency  window  over  which  the  jth  filter 
operates,  with  qjmax  equal  to  the  maximum  angular 
spatial  frequency  along  the  processing  direction 
passed  through  the  jth  filter  band;  the  third  factor 
represents  the  extent,  ( 2 ( ap j ) 3  r  of  the  jth  filter 
band  along  the  dispersion  axis,  where  pj  is  the  angular 
spatial  frequency  corresponding  to  the  jth  band 
center  wavelength,  >j. 

The  light  dist  ibution  immediately  behind  the 
spatial  frequency  plane  can  be  described  as  the  product 


$ 


of  the  signal  spectrum  and  the  spatial  filter 
transmittance  or 


E2(p*q)  ■  C  {///s(x,y) [l+cospox]exp[-i(px+qy) ]dxdydx} 


X  {  i  Hj (q)rect[q/2qjmax]rectt (p-pj )/2( Apj ) ] } 


A  second  achromatic  transform  lens,  Lj,  produces  the 
Fourier  transform  of  the  filtered  spectrum  at  the  output 
image  plane,  P 3,  and  is  given  by 


E(x,y)  *  Ki  ///  E2(p,q)exp[-i (px+qy) Idpdqdx , 


where  is  a  complex  constant;  the  integration  is  over  the 
spatial  frequency  plane  and  the  spectral  band  of  the  light 
source;  the  dependence  of  the  output  image  light 
distribution  on  x  is  understood  and  the  symbolic 
representation  is  left  out  for  brevity. 


In  this  paper  ve  will  assume  that  the  multi-band 


filter  is  a  computer  generated  hologram  filter,  which 
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realizes  a  desired  complex  filter  function,  by  way  of  the 
detour-phase  effect,  in  the  first  order  diffraction  term 
of  the  output  plane.  The  grating-like  CGH  filter 
transmittance  within  a  single  band,  can  be  described  as 

H(o,e)  *  zr  lH(md,nd) I rect[ a-md/amn]rectt B-nd-Pnm/bnm] , 
m  n 

(7) 

where,  for  the  mnth  rectangular  sample  cell,  amn  is 
the  height  along  the  e-direction,  b^  is  the  width 
along  the  e-direction,  d  is  the  spatial  sampling 
period,  H(md,nd)  is  the  sampled  filter  function  value, 
and  Pmn  is  the  shift  proportional  to  the  sampled 
phase  term,  «i(md,nd);  (e,e)  represent  the 
spatial  coordinates  corresponding  to  the  spatial 
frequency  plane,  where  a  *  (if/2*)p  and  e  *  (if /2*)q. 

Since  the  desired  output  image  appears  in  the 
neighborhood  of  the  first  order  diffraction  term,  in 
order  to  avoid  aliasing,  the  criterion  for  choosing 
the  value  of  d  for  a  given  wavelength  is 
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d/xf  <  1/W,  (8) 

where  W  is  the  width  of  the  output  image  and  f  is  the 
focal  length  of  the  second  transform  lens. 

More  thorough  analyses  of  CGH  spatial  filters 
in  monochromatic  optical  systems  are  presented  by 
other  authors. 4-7 ' ^  Here  we  will  concentrate  on  the 
requirements  for  and  the  effects  due  to  the 
application  of  CGH  filters  to  the  dispersed  white 
light  processor.  For  simplicity,  we  will  consider 
1-D  processing  operations  and,  initially,  input 
images  having  zero  spatial  frequency  content 
along  the  dispersion,  (p),  axis.  This  case  produces  a 
Fourier  transform  in  plane  P2  which  is  vanishingly  narrow 
along  the  p-direction  for  a  single  wavelength. 

1-D  Processing 

In  order  to  produce  overlapping  color 
output  images  for  the  entire  range  of  processing 
wavelengths,  the  value  of  d  should  be  inversely 
proportional  to  the  wavelength  at  each  value  of 
a.  In  the  multi-band  filtering  scheme,  the 


filter  function  and  the  value  of  d  are  constant 
as  a  function  of  a,  within  each  band.  This 
constraint  models  the  realistic  limitations  of 
filter  generation  techniques.  For  each  band  in  the 
filter,  a  continuous  range  of  wavelength-scaled 
signal  spectra  are  passed,  causing  corresponding 
filter/signal  spectrum  size  mismatch. 

Two  different  effects  emerge  from  this 
mismatch  when  the  multi-band  filter  is  realized  by 
CGH  techniques.  First,  and  most  obvious,  is  that 
incorrect  values  of  amplitude  and  phase  may  be 
imparted  at  most  spatial  frequency  values  where  the 
signal  spectrum  wavelength  differs  from  the  design 
wavelength  of  the  filter  band.  This  problem  may  be 
less  severe  for  filter  functions  which  change  slowly 
along  the  processing  axis.  The  effect  on  processing 
performance  depends  strongly  on  the  characteristics 
of  the  filter  function,  but,  in  general,  the  effect 
is  most  severe  at  higher  spatial  frequencies.  Result 
of  computer  simulations  of  this  effect  for  the  linear 
deblurring  operation  will  be  presented  later. 


The  second  effect  caused  by  the  size  mismatch 
is  color  smear  due  to  the  dispersion  of  the  multi¬ 
colored  diffracted  output  images  coming  from  a  single 
filter  band.  The  smear  is  also  present  with  multi-band 
filters  generated  using  interferometric  techniques  and 
is  similar  to  the  effect  produced  by  illuminating  a 
conventional  hologram  with  a  white  light  source.  In 
general,  the  spectral  bandwidth,  AXj ( j-1,2,3, . . . ,N) , 
of  the  jth  filter  band  must  satisfy  the  condition 

N 

0  <  lAXj  <  ( xmax  -  xm£n) ,  (9) 

j-1 

where  N  is  the  total  number  of  discrete  filter  bands  and 

xmin  anc^  xmax  are  the  minimum  and  maximum  wavelengths 
to  be  processed  in  the  system. 

Consider  one  extreme  case  where 
N 

laxj  =  ( *max  “  xminK  (10) 

j  =  l 

which  implies  that  the  jth  and  (j+l)th  filter  bands 


are  adjacent  with  no  "blank"  space  between  them.  All 
the  light  energy  present  in  the  first  order  term, 
within  the  spatial  frequency  range  of  the  filter,  is 
processed.  However,  this  case  also  allows  the  greatest 
amount  of  color  smear  in  the  output  image. 

A  general  expression  for  the  smearing  length 
in  the  output  due  to  the  jth  filter  band  is  given  by 

lij  ■  “j£/dj  •  <u> 

where  f  is  the  focal  length  of  the  second  transform 
lens  and  dj  is  the  CGH  sampling  period  within  the 
jth  filter  band,  centered  at  wavelength  x  j  . 

Equations  (8)  and  (11)  indicate  the  tradeoff  that 
exists  between  the  smearing  length  and  the  maximum 
spatial  extent  of  the  output  image  along  the 
processing  axis.  A  wider  output  image  requires 
a  smaller  CGH  filter  sampling  period  to  avoid 
aliasing,  but  the  smaller  sampling  period  produces 
a  longer  smearing  length.  Rapidly  varying  filter 
functions  also  require  a  smaller  sampling  period 
to  provide  accurate  sampling,  but  again  causing 
a  longer  smearing  length. 
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In  the  second  extreme  case,  for  which  a j  =0,  the 
smearing  length  approaches  zero  by  using  extremely 
narrow  filter  bands,  spaced  relatively  far  apart. 
However,  this  scheme  wastes  processing  light  energy 
and  requires  very  high  resolution  in  the  CGH  filter 
fabrication  technique. 

Two  other  effects  on  processing  performance 
were  found  to  be  quite  significant  and  will  be 
analyzed  here.  Of  the  various  misalignment  problems 
normally  encountered  with  the  multi-band  CGH  filter 
scheme,  the  most  annoying  is  rotational  misalignment 
of  the  filter  in  the  spatial  frequency  plane.  The 
outlines  of  the  dispersed  signal  spectra  and  a 
rotationally  misaligned  multi-band  CGH  filter  are 
shown  in  Fig.  2(a)  with  an  enlarged  view  in  Fig.  2(b). 
The  pivot  of  rotation  is  chosen  at  the  spatial  center 
of  the  filter,  (a,e)  *  (op,0),  and  the  angle  of 
rotation,  e,  with  respect  to  the  processing  axis,  e. 
The  signal  spectrum,  S(a,e),  passes  through  a 
rotated  CGK  filter  producing  a  light  distribution 
given  by 


FU.fi)  =  S(a,B)H(«* , B' ) 


(12) 


where  (a',e')  represent  the  filter  coordinate  sytem 
centered  at  (a, 8)  *  Up,0)  and  rotated  counter¬ 
clockwise  through  an  angle  e. 

Consider  first,  the  filter  band  centered  at  the 
pivot  point  as  shown  in  Fig.  2(b).  Since  the  grating¬ 
like  structure  of  the  CGH  filter  has  been  rotated  from 
the  signal  spectrum  processing  axis,  the  resulting 
image  in  the  first  order  output  diffraction  term  will 
be  centered  along  an  axis,  y’ ,  which  is  rotated  by 
angle  e  from  y.  Assuming  that  for  each  wavelength, 
the  signal  spectrum  has  energy  only  along  the 
processing  axis,  some  of  the  higher  spatial  frequency 
information  may  pass  through  one  or  more  filter  bands 
other  than  the  corresponding  design  wavelength  band. 

For  design  wavelength,  spectrum  energy  will  pass 

through  the  ith  filter  band  up  to  a  value  of  6  given 
by 


I  firi I  *  Ac} '/sine , 


(13) 
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where  t <*i'  is  the  halfwidth  of  the  ith  filter  band. 

The  remaining  ith  spectrum  energy  will  pass  through 

the  (i+1,2, _ )th  filter  bands,  causing  another  type 

of  smearing  in  the  output  image,  due  to  the  different 
cell  periods  in  different  filter  bands.  This  discrete 
type  of  smearing  due  to  f ilter__rotation  increases  as 
the  value  of  e  increases  and  as  the  difference  between 
spectrum  wavelength  and  filter  band  design  wavelength, 
*i,  increases. 

A  second  effect  caused  by  rotational  filter 
misalignment  is  the  mismatch  between  the  filter 
function  and  the  signal  spectrum.  The  phase  change 
imparted  by  the  CGH  filter  is  independent  of  the 
actual  cell  period,  provided  the  period  is  uniform 
throughout  the  filter  (band).  In  those  regions  of 
the  ith  signal  spectrum  which  pass  through  the 
( i+1 , 2 , . . . ) th  filter  bands,  the  cell  period  uniformity 
is  disturbed,  causing  phase  distortion  in  the  output 
image. 

In  filter  bands  away  from  the  pivot  point, 
the  lateral  shift  due  to  filter  rotation  is  given 


*•* 


by 


*®k  *  ( ®k“ap) ( l~cos e )  ( 14 ) ( a ) 

1 8  k  *  (  *y.-*p)siT\e  ,  (I4)(b) 

where  o^  is  the  location  along  the  a-axis  of  the 
properly  aligned  kth  filter  band  center  and  op  is  the 
location  along  the  a-axis  of  the  pivot  point.  For 
small  values  of  e,  the  additional  color  smear  due  to 
this  lateral  shift  may  be  insignificant  compared  to 
the  error  caused  by  filter/signal  spectrum  lateral 
mismatch  along  the  processing  axis. 

2-D  Processing 

The  final  section  of  analysis  will  deal  with 
the  more  physically  realistic  case  of  2-D  signal 
spectra,  i.e.,  spectra  containing  baseband  energy 
along  the  dispersion  axis,  p,  as  well  as  the  processing 
axis,  q.  Previous  analysis  of  the  dispersed  white 
light  processor  assumed  that  the  width  of  each  filter 
band  was  equal  to  the  spatial  frequency  extent  of  the 
signal  spectrum  having  the  same  wavelength  as  the 
ilter  band  design  wavelength.  The  present  discussion 
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extends  that  analysis  to  account  for  signal  spectra 
having  spatial  frequency  content  along  the  dispersion 
axis  that  "spills  over"  into  more  than  one  filter 
band. 

Consider  the  2-D  spectrum  with  wavelength, 
xi'*(xi+A\),  horizontally  centered  within  the  ith  filter 
band.  Hi,  as  shown  in  Fig.  3.  The  range  of  signal 
spectrum  angular  spatial  frequencies  passing  through  Hi 
is  given  by 

APih  -  *Pi  -  Api' 

*  (1-AX/AXi ) Api  (15)(a) 

APil  *  *Pi  +  Ap i 

*  (1+AX/AXi) APi ,  (15) ( b ) 

where  api  is  the  angular  spatial  frequency  halfwidth 
of  the  ith  filter  band,  api*  is  the  spatial  frequency 
displacement  from  the  center  of  the  ith  filter  band 
of  the  spectrum  having  wavelength  xi',  and  axi  is 
the  wavelength  halfwidth  of  the  ith  filter  band. 
Restating,  APih  is  the  range  of  spatial  frequencies 
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passing  through  the  ith  band  on  the  large  p  side 
and  apii  is  the  range  on  the  small  p  side. 

Two  significant  causes  of  error  arise  from 
the  Xj/  signal  spectrum  energy  that  extends  beyond 
the  ith  filter  band  and  into  the  (i+1,2, . . . )th  bands: 

(1)  the  difference  in  CGH  filter  cell  period  for 
different  filter  bands,  and  (2)  the  filter/signal 
spectrum  band  size  mismatch  outside  the  ith  filter 
band.  The  first  error  results  in  a  smearing  effect 
acting  upon  the  higher  spatial  frequencies  for  a 
given  wavelength.  This  smear  is  different  than  that 
discussed  earlier  in  that  the  high  spatial  frequency 
information  is  smeared  along  the  y  output  axis  with 
respect  to  the  low  spatial  frequency  information  for 
a  single  wavelength.  An  expression  for  the  high 
frequency  smearing  length  in  the  output  image  is 
given  approximately  by 

Alhf  *  xjf  [2api/p0di3,  (16) 

where  di  is  the  ith  band  CGH  filter  cell  period  and 

2ap^  is  the  difference  between  the  maximum  and  minimum  spatial 

frequencies  of  the  ith  baseband  spectrum. 


The  second  source  of  error,  filter/signal 
spectrum  size  mismatch,  produces  an  effect  similar 
to  the  size  mismatch  discussed  earlier  for  the  1-D 
spectra  case.  Although  the  effect  on  performance 
is  strongly  dependent  on  the  characteristics  of  the 
filter  and  signal  spectrum  functions,  the  degradation 
is  certainly  more  severe  for  higher  spatial 
frequencies.  The  performance  of  the  dispersed  white 
light  processor  when  operating  on  color  images  having 
2-D  baseband  spectra  is  probably  the  most  significant 
limitation  of  the  processing  scheme.  Quality  is 
improved  by  increasing  the  value  of  pq,  the  frequency 
of  the  input  plane  diffraction  grating.  But  this 
possible  solution  is  limited  by  the  quality  of 
available  optical  components  and  abberations  in  the 
system.12 


An  extensive  computer  program  was  written  to 
simulate  the  processing  performance  of  the  multi-band 
CGH  filters  in  a  dispersed  white  light  optical  system. 
The  results  presented  here  use  the  processing 
example  of  linearly  smeared  color  image  deblurring, 
although  little  modification  is  needed  to 
incorporate  any  operator  selected  1-D  processing 
operation.  The  simulator  utilizes  commercially 
available  FFT  subroutines  to  compute  the  Fourier 
transform  of  a  linearly  smeared  color  input  image  for 
a  large  number  of  wavelength  values.  The  program 
simulates  the  operation  of  the  CGH  filter  by  sampling 
the  product  of  the  CGH  filter  band  transmittance  and 
the  dispersed  signal  spectra,  inverse  Fourier 
transforming,  and  incoherently  summing  the  multi-colored 
output  images.  A  1-D  slice  of  the  output  image  was 
considered,  in  order  to  conserve  computer  time. 

The  concept  of  linearly  smeared  image  deblurring 
has  been  discussed  by  others^'^  and  will  only  be 


summarized  here.  The  spectrum  of  a  point  image  that 
has  been  linearly  smeared  over  a  distance  ay  is 
described  in  one  dimension  by 

G(q)  «  aysin(qay/2 )/{qay/2 ) .  (17) 

The  corresponding  inverse  spatial  filter  is 
proportional  to  1/G(q)  or 

H(q)  -  qay/2/[sin(qay/2) ] .  (18) 

Since  this  function  contains  infinite  poles,  it 
cannot  be  physically  realized,  although  an  approximate 
realization,  with  some  degree  of  restoration  error,  is 
possible.  The  approximation  to  Eqn.  (18)  used 
throughout  the  remainder  of  this  work  results  from 
clipping  the  large  magnitude  values  to  a  normalized 
maximum  value,  computed  from  the  product  of  the 
number  of  magnitude  quantization  levels  and  the 
minimum  magnitude  of  the  filter  function  ,  H(»). 

Initially,  a  large  set  of  parameters  (e.g., 
filter  band  spectral  bandwidth,  amplitude  quantization, 
cell  duty  cycle,  lateral  filter  translation,  etc.) 


describing  the  CGH  filters  were  varied  to  produce  many 
simulation  results.  We  found,  though,  that  two 
parameters  were  most  significant.  First,  the 
spectral  bandwidth  of  a  given  filter  band  had  the 
greatest  effect  on  performance  of  the  CGH  filter 
system.  The  curves  in  Fig.  4(a)  depict  the  output 
irradiance  versus  output  spatial  coordinate 
near  the  first  order  diffraction, 

resulting  from  a  CGH  filter  band  with  64  amplitude 
quantization  levels  (i.e.,  6  bits)  and  designed  for  an 
input  image  blur  length  of  Q.5  mm.  As  the  spectral 
bandwidth  of  the  filter  band  grows  from  0  nm  to  10  nm, 
the  width  of  the  deblurred  first  order  image  increases 
as  well,  though  it  still  remains  a  fraction  of  the 
input  blur  length. 

The  second  significant  CGH  filter  parameter 
was  found  to  be  amplitude  quantization.  A 
surprisingly  good  result  is  shown  in  Fig.  4(b),  for 
which  phase-only  CGH  filters  were  used  for  the 
deblurring  operation.  Significant  deblurring  of  the 
color  input  image  is  achieved,  for  values  of  filter 
band  spectral  bandwidth  up  to  20  nanometers. 
Interpreting  these  simulation  results  in  terms  of 
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CGH  filter  geometry,  we  could  predict  significant 
deblurring  performance  for  a  phase-only  CGH  filter 
having  as  few  as  20  filter  bands,  with  uniform  spectral 
width,  covering  the  visible  wavelength  range  from 
400nm  to  700nm.  These  results  for  the  multi-band 
phase-only  filters  applied  in  the  dispersed  white 
light  processor  enhance  the  results  of  others^ 
who  have  shown  good  processing  performance  achieved 
with  phase-only  filters  in  monochromatic  optical 
processors . 

Figures  5(a)  and  5(b)  summarize  the  performance 
of  the  simulated  multi-band  CGH  filter  system  for 
phase-only,  as  well  as  8  and  64  amplitude  quantization 
levels  over  the  range  of  filter  band  spectral  bandwidth 
from  0  to  50  nm.  The  plotted  measure  of  performance 
is  (input  blur  width)/(deblurred  3dB  width)  for  the 
curves  in  Fig.  5(a),  which  indicate  that  excellent 
deblurring  performance  (factor  of  5)  can  be  achieved 
with  a  moderate  number  (>B)  of  filter  amplitude 
quantization  levels,  up  to  10  nm  spectral  bandwidths, 
or  with  phase-only  filtering  up  to  5  nm  bandwidths. 
Significant  deblurring  (factor  of  2)  can  still  be 
achieved  with  any  value  of  amplitude  quantization 
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for  filter  bands  covering  15-20  run. 

In  Fig.  5(b),  the  plotted  measure  of 
performance  is  (total  irradiance  contained  within  the 
deblurred  3dB  points )/( total  irradiance  within  the 
first  order  output  term).  Although  the  shape  of 
these  curves  would,  in  general,  depend  on  the  exact 
processing  operation,  for  linear  deblurring,  the 
ability  of  the  processor  to  collect  light  energy 
into  the  deblurred  3dB  region  tends  to  increase 
with  few  quantization  levels  as  the  filter  bandwidth 
increases,  while  it  decreases  slightly  for  many 
quantization  levels.  Within  the  filter  band  spectral 
bandwidth  of  interest,  at  least  60%  of  the  total 
first  order  output  irradiance  is  within  the  deblurred 
3dB  points  for  non-phase-only  filters  and  at  least 
40%  for  phase-only  filters.  (In  retrospect,  one  of 
the  authors  (MSD)  regrets  not  having  collected 
appropriate  simulation  data  for  calculation  of  a 
Horner-like  efficiency.^) 

Several  phase-only  multi-band  deblurring 
filters  were  fabricated  and  tested  in  a  dispersed 
white  light  optical  processor.  Results  of  experiments 


using  binary  and  cont inuous-tone  linearly  smeared 
color  input  images  are  presented  in  Figs.  6  and  7, 
respectively.  In  both  experiments  a  xenon 
arc  lamp  served  as  the  source  of  white  light 
with  pinhole  spatial  filtering  providing  an  effective 
source  diameter  of  75  urn  and  Fourier  transform  lenses 
with  381mm  focal  lengths  were  used  for  processing. 

Output  images  were  recorded  on  Kodak  Ektachrome  200 
ASA  film. 

The  phase-only  CGH  spatial  filter  pattern  was 
plotted  on  a  Tektronix  4662  digital  plotter  and 
photographically  reduced  onto  Kodak  Technical  Pan  Film, 
followed  by  chemical  developing  using  the  R-10 
bleaching  process.  With  an  input  plane  diffraction 
grating  frequency  of  120  lp/mm,  the  maximum  spatial 
dimension  of  the  spatial  filter  along  the  dispersion 
axis  was  13.7  mm,  assuming  processing  wavelengths  in 
the  range  from  400  nm  to  700  nm,  and  the  maximum 
spatial  frequency  along  the  processing  axis  was 
20  lp/mm.  The  CGH  filter  cell  period  ranged  between 
0.018  mm  and  0.031  mm,  with  an  average  duty  cycle  of  0.25, 
while  the  filters  were  designed  for  a  0.5  mm  blur 
length. 
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Figure  6  shows  a  black-and-white  photograph 
of  the  color  output  plane  light  distribution  for 
the  deblurring  operation  performed  on  a  binary  slit 
test  image.  The  photo  shows  the  zero-order  output 
image  (essentially  a  copy  of  the  smeared  input  image) 
surrounded  by  the  first  order  images,  which  have  been 
deblurred  by  approximately  a  factor  of  3.  In  the 
original  color  recording,  a  yellow-orange  color 
present  in  the  zero-order  image  is  due  to  residual 
dye  in  the  filter  after  bleaching.  The  first  order 
deblurred  images  appear  almost  completely  white, 
because  their  relatively  high  irradiance  has  saturated 
the  color  recording  material.  Experimental  results 
agree  quite  well  with  computer  simulation  results  in 
this  example.  The  color  smearing  caused  by  baseband 
spatial  frequency  energy  along  the  dispersion  axis  is 
evident  at  the  two  ends  of  the  slit  and  around  some 
fiber-like  noise  near  the  center. 

Figure  7  shows  a  black-and-white  photo  of  the 
color  output  for  the  case  of  a  linearly  smeared, 
cont inuous-tone  color  input  image.  The  zero-order 
term  on  the  left  side  is  again  essentially  a  copy 


of  the  input  image,  vith  the  higher  order  terms 
surrounding  it.  Since  this  input  image  produces 
all  of  the  possible  error-causing  effects  in  the 
first-order  output  image,  including  those  due  to 
film  nonlinearity  during  recording  of  the  smeared 
input  image,  it  can  be  considered  a  worst-case  input 
image.  However,  the  first-order  image  on  the  right 
side  still  shows  evidence  of  successful  deblurring, 
especially  at  the  shirt  buttons,  the  arms,  and 
the  "V"  at  the  shirt  collar.  Barely  visible  are 
small  yellow  designs  scattered  throughout  the  red  shirt 
which  also  show  evidence  of  deblurring.  The  region  of 
the  head  in  the  image  (brightness  in  the  face  and 
darkness  in  the  hair)  manifests  the  effect  of  non-linea 
transmittance  vs.  exposure  characteristics  of  the 
film  used  to  record  the  smeared  input  image.  Although 
this  example  does  not  represent  an  ideal  test  of  the 
multi-band  CGH  filter  system,  it  does  represent  a 
possible  situation  in  a  practical  app  ication  of  the 
technique.  Further  work  must  also  be  directed  to  more 
faithful  color  reproduction  in  the  processed  image. 
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Conclusions 


This  paper  has  presented  computer  simulations 
and  experimental  demonstrations  of  multi-band  CGH 
spatial  filters  applied  to  color  image  processing 
in  a  dispersed  white  light  system.  Significant 
processing  performance  can  be  achieved  for  1-D 
processing  operations  and  color  input  images 
with  moderate  space-bandwidth  products.  The  CGH 
spatial  filter  fabrication  technique  adds  flexibility 
to  a  color  image  processor  which  already  possesses 
the  advantages  of  reduced  coherent  artifact  noise, 
low  cost,  and  reduced  sensitivity  to  the  processing 
environment,  when  compared  to  coherent  (laser-based) 
systems . 


Analysis  of  several  types  of  color  smear 
occurring  at  the  output  due  to  characteristics  of 
the  CGH  system  were  presented.  In  addition  to 
rotational  alignment  of  the  multi-band  filter,  the 
parameter  which  most  effects  processing  performance 
is  the  filter  band  spectral  bandwidth.  We  calculate 
that  good  performance  for  1-D  operations  can  be  expected 
from  filter  bands  with  up  to  10  nm  bancvidths  clone 


r? 


the  dispersion  axis,  in  the  visible  range  of 
wavelengths.  Phase-only  CGH  filters  were  also  shown 
via  both  simulation  and  experiment  to  achieve 
significant  performance  in  the  dispersed  white 
light  processor.  The  effect  of  filter/color 
spectra  size  mismatch  will  be  significant  with 
2-D  images.  Further  work  is  needed  to  devise 
multi-band  CGH  filters  which  can  process  inputs 
having  large  space  bandwidth  products  and  to  retain 
faithful  image  colors  at  the  system  output. 

The  authors  would  like  to  acknowledge 
partial  support  from  AFOSR  grant  #83-0140. 
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Figure  Captions 

Fig.  1.  Optical  arrangement  for  the  dispersed  white 
light  processor  using  multi-band  CGH  spatial  filters. 

Fig.  2.  Rotational  misalignment  of  CGH  filter; 

(a)  outlines  of  rotated  filter  and  dispersed  color 
spectra,  (b)  rotated  filter  bands  near  pivot  point. 

Fig.  3.  Two-dimensional  signal  spectrum  extending 
over  more  than  one  filter  band. 

Fig.  4.  Deblurred  output  irradiance  vs.  spatial 
coordinate  for  (a)  64  levels  of  filter  amplitude 
quantization  and  three  values  of  filter  band  spectral 
bandwidth,  and  (b)  phase-only  filter  and  four  values  of 
spectral  bandwidth. 

Fig.  5.  Deblurring  performance  vs.  filter  band 
spectral  bandwidth  for  phase-only,  8-level,  and 
64-level  amplitude  quantization;  performance  measure 
is  (a)  input  blur  width/deblurred  3dB  width  and 

(b)  total  3dB  irradi ance/total  first  order  irradiance. 
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Fig.  6.  Black  t  white  photo  of  color  output  light 
distribution  for  binary  slit  input.  Zero-order  term 
is  in  center  surrounded  by  first-order  deblurred  terms. 
Input  blur  width  is  indicated  as  ty . 

Fig.  7.  Black  L  white  photo  of  the  color  output  light 
distribution  for  a  linearly  smeared,  continuous-tone 
color  input  image.  Zero-order  term  is  left  of  the 
deblurred  first-order  term.  Input  blur  width  is 
indicated  as  t y. 


Fig.  6.  Black  &  white  photo  of  color  output  light 
distribution  for  binary  slit  input.  Zero-order  term 
is  in  center  surrounded  by  first-order  deblurred  terms 
Input  blur  width  is  indicated  as  Ay. 

Fig.  7.  Black  t  white  photo  of  the  color  output  light 
distribution  for  a  linearly  smeared,  continuous-tone 
color  input  image.  Zero-order  term  is  left  of  the 
deblurred  first-order  term.  Input  blur  width  is 
indicated  as  Ay. 
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SECTION  XXVI 


Holographic  Tomography 
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rear  side  by  a  conjugate  reference  beam  ai  an  oblique 
angle.  6,  Since  twice  the  focal  length  is  used  again  in 
this  system,  the  real  images  which  correspond  to 
the  different  projectionai  views,  ic.  S.i  v„.  i.i.  will  be 
reimagcd  onto  the  observation  plane.  P,  In  order  to 
perform  a  sequential  reconstruction  for  each  proicc- 
tional  view  a  mask  can  be  employed  between  the 
hologram  and  the  imaging  tense  to  filter  out  the 
term  and  other  unwanted  terms  In  this  manner  by 
rotating  the  hologram  in  different  orientations,  the 
corresponding  promotional  views  will  he  reconstructed 
on  the  observation  plane  sequentiallv 

In  addition  to  the  immediate  play  back  an  image 
sensing  device  suen  as  I  f)  C  C'f)  arrav  can  be  used  to 
collect  the  protection  data  for  post -processing  as 
depicted  in  ’mine  •'  This  computer  post  processing 
will  he  discussed  it-,  greater  detail  in  the  next  section 
It  is  noted  mat  am  slice  of  the  obieu  field  i horizontal 
.toss  section  i  car  be  reconstructed  wuh  tho  post 
processing  m  placing  the  image  sensing  device  at  a 
chosen  position  In  >tno'  words  a  *•[)  reconstructed 
mage  i't  the  obiCct  lie  id  can  he  rean/ec  hv  applvmg 

a  .'  I )  imaet*  sens  j  device  across  the  ohscvaiion 
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for  a  particular  projected  slice.  Therefore,  the  image 
of  this  particular  slice  can  be  represented  by 

X  V 

fix',  y)  S  T  Y  Ai.x.  v) .  (4) 

X  *  l  V  *  1 

w  here  4(.\.  v)  is  again  defined  as  in  Eq.  (?).  and  fix’,  r  l 
is  the  reconstructed  image  of  the  chosen  slice  As  paral¬ 
lel  light  beam  passes  through  this  slice  at  certain 
angle  6.  the  projected  data  /Vs).  is  determined  The 
relation  between  the  state  of  reconstructing  pixels  and 
the  projected  data  can  be  written  generally  as 

"  « 

PJiii i  =  U  U  ai v.  cl .  (5i 

x  *  m  v  »  p 

where  parameters  m.  n.  p .  and  q  change  with  respect 
to  the  projecting  angle  0.  K  denotes  the  different 
scanning  rays  Obviously,  if  the  projection  for  a  par¬ 
ticular  ray  is  dark,  i  e..  /Vs<>>  =  1.  it  indicates  that  the 
scanning  ray  is  blocked  b\  at  least  one  object  in  the 
field  Hence,  the  reconstructing  pixels  along  this 
particular  ray  are  designated  by  logic  state  "  I  "  On 
the  contrary,  those  pixels  corresponding  to  lighted 
protection  ie.  /Vs<d  =  0.  will  be  permanently  desi¬ 
gnated  ny  logic  state  "  0  "  regardless  of  other  protected 
data  from  difTerert  angles  VV  nh  these  logic  operations 
tne  state  of  eacu  pixel.  -h\.  t  i.  can  be  determined 
Irom  protected  data.  /’„(-  i  In  other  wo'Js  the  back- 
projection  process  is  performed  logicalh  after  the 
protected  data  being  led  to  the  computer  b\  image 
sensing  device  Therefore  the  slice  image  M\  t  i 
ca  nc  estimated  ps  Eq  i4i  Obviously  a  better  recons¬ 
truction  of  the  image  ma\  be  expected  j>  the  number 
oi  protected  angle  employed  is  increased  will 
discuss  the  relation  between  accuracy  of  reconstructed 
images  and  (he  quarmtv  of  protected  directions  in  a 
iate'  section 

1:  oide-  to  perform  the  reconstruction  to1  at". 
•:..rn'~,e-  and  jn\  direction  of  proiections  the  principle 
a  the  u.goritnm  adapted  to  express  trie  coordinates  of 
le^ottsTucted  inuge  pixco  Iron  the  .orresponding 
P’  c. t "■  data  ,s  illustrated  a>  ionows 

1  ’s-  lou’  standard  pioie-ted  directions  are 
see.te.t  e  "  4'  an  and  !•'  j\  shown  :n  'miin  ' 

\\  ne’t  ”  =  <*•  o*  do  the  'e.atior  Pe'-xeen  pt. 
e.ted  data  arid  pixel' t'  dtrectix  oPta  tied  !r  ii-[H  ' 
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.s’  c  ■  K  denotes  j  i  rte’  ent  sv  jnn  i  tic  .iu  a  •;  t  ’  he  \  ai  ue 
"  ’  '>  1  ■  ’  -  Sc  a ■  •  ■ .  ’  c  a  ■  -  .!•;  par  a  .. 


A  ’  . !  V  ’  ' 


J  Optics  ( Paris j.  1986.  vol.  17.  n"  2 


ever,  if  we  divide  the  w  hole  field  into  two  parts  by  us 
diagonals  (see  fig.  5).  the  relation  betw-een  the  recons¬ 
tructed  pixels  and  the  projected  data  can  be  generally 
represented  by 

it 

/Vs*)  =  U  A(X.  D.  (8) 


with  parameters  m.  n  changes  as  follows 

A)  When  0  =  45", 

ui  as  the  location  of  different  scanning  ray  goes 
from  the  left  edge  (4(1.  ll)  to  the  diagonal  (the  line 
from  4(1.  \)  to  4(.Y.  ll).  the  corresponding  para¬ 
meters  are 

m  =  I 

r  =  K  . 

w  here 

K  =  1.2.  .  \ 

The  coordinate  i  changes  with  \  as  the  following 
expression 

i  =  /:  -  x  -  I  Id) 

hi  as  the  location  of  different  scanning  ra\  goes 
continuously  from  the  center  to  the  right  edge 
I  -It  \  \  ii.  the  corresponding  parameters  arc 

ti:  =  As  -  \  -  I 


i  =  K 


As  =  \ 
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After  realizing  the  relations  between  the  recons¬ 
tructed  pixels  and  the  projected  data  in  these  four 
particular  directions,  we  can  generalize  the  whole 
process  into  multidirectional  projecting  case  by  the 
concept  of  coordinate  transformation. 

2.  Multidirectional  Projections. 

For  simplicity,  a  new  coordinate  system.  ( .v , .  r,). 
is  assigned  with  the  origin  Os  coincides  with  the  center 
of  the  field  as  show  n  in  figure  6.  As  the  field  rotates  an 
angle  x.  the  coordinates  of  each  pixel,  within  the 
objects,  will  change  differently  in  different  quadrants. 
However,  these  new  coordinates  can  be  calculated 
through  the  rotation  of  coordinates  with  respect  to 
angle  x  The  new  coordinates  so  obtained  can  be 
translated  back  to  the  original  coordinate  system 
t  v.  1 1.  In  this  case,  we  can  get  another  four  directional 
projections,  i.e..  x  45'  -r  x  90“  -  x.  and  135"  -  x. 
With  this  procedure  repeated,  we  can  have  any  number 
of  projected  data  processed  and  a  belter  reconstruc¬ 
tion  can  be  achieved. 


axis.  However,  the  orientation  can  be  changed  conti¬ 
nuously  on  a  plane  perpendicular  to  the  axis  as  desired. 

In  the  reconstruction  process,  the  multiplexed 
hologram  is  oriented  perpendicular  to  the  optical 
axis  to  give  the  different  directional  projected  views 
of  the  object  field.  Figure  7  shows  four  different  views 
of  the  reconstructed  image  from  the  multiplexed 
hologram  generated  by  a  sample  object  field. 


a) 


IN  —  experimental  procedi  res 

AND  REMI  TS 

A'  described  in  the  previous  sections  the  method 
proposes:  utilizes  optical  holographs  iccnnique  to 
record  tnc  ;  roicction  data  and  to  pcriorm  tne  analog 
reconstruction  of  the  studied  obiec:  find  In  tno  par: 
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As  an  image  sensing  device  is  employed  behind  the 
observation  plane  and  the  multiplexed  hologram 
is  oriented,  a  series  of  projection  data  are  available 
for  the  post-processing.  By  means  of  the  algorithm 
described  in  previous  section,  results  generated  from 
different  number  of  projected  directions  are  shown 
in  figure  8.  From  this  figure  and  the  original  cross 
section  shown  in  figure  9.  we  see  that  the  shapes  and 
the  locations  of  the  objects  in  the  field  are  well  defined. 


ht'iii 


It  is  noted  that  there  are  two  major  factors  effecting 
the  performance  of  this  digital  reconstruction  .  namely, 
the  number  of  the  selected  projection  angles  and  the 
number  of  the  sampling  points  chosen  to  represent 
the  object  field  From  figure  8.  we  see  that  the  recons¬ 
tructed  image  is  approaching  the  cross  section  of 
original  object  field  as  the  number  of  projections 
increased  Practically,  since  a  set  of  four  equally 
doided  directions  is  chosen  as  standard  projecting 
directions  in  the  algorithm,  the  multidirectional  cases 
are  selected  by  rotating  these  four  directions  simulta¬ 
neously  with  the  same  angle  In  this  manner,  the  res¬ 
toration  accuracy  can  be  foreseen  as  depicted  in 
figure  I(>  as  the  number  of  scanning  angle  increased 
F iguri  aiso  shows  results  of  a  cylindrical  object 
in  the  center  of  field  for  different  number  of  scanning 
angles  Obsiously.  the  number  of  sampling  points 
cnoser.  to  represent  the  objec  field  also  piass  a  very 
important  roie  As  the  compicvn  of  object  field 
increases  more  sampling  points  are  needed  to  recons¬ 
truct  a  finer  image 
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Fig  10  —  Reconstruction  accuracy  vs.  the  numher  of  scant: me 
tiin’i  tion\ 


V.  —  CO\CLLSIO\ 

In  ihis  paper,  we  have  developed  a  holographic 
tomography  concept  by  which  a  3-D  complex  field 
may  be  studied  and  reconstructed  from  2-D  projected 
data.  A  particular  case  of  some  opaque  objects  in  a 
3-D  field  is  discussed  as  a  preliminary  application  of 
this  concept  The  holographic  multiplexing  technique 
provides  a  series  of  projected  data  for  tomographic 
reconstruction.  With  the  algorithm  used  in  computer 
post-processing,  the  image  of  a  chosen  slice  in  the 
studied  field  can  be  reconstructed  from  its  one-dimen- 
sional  projected  data.  The  relative  locations  and  the 
shapes  of  the  objects  inside  the  fieid  are  well  defined 
by  the  reconstructed  image.  It  is  noted  in  this  parti¬ 
cular  case,  the  principle  used  in  the  algorithm  is  much 
more  suitable  for  convex  object  fields.  This  limitation 
arises  from  the  fact  that  the  projected  data  are  me 
silhouettes  of  opaque  objects  However,  the  ultimate 
objective  is  the  study  of  3-D  complex  fields  Hopefully, 
with  the  aid  of  holographic  concept,  some  advantages 
such  as  reduction  in  computational  procedures,  may 
be  achieved  as  compared  with  conventional  tomo¬ 
graphic  techniques 
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ABSTRACT:  Color  enhancement  of  medical  images  has  been  shown  to  be 

effective  in  increasing  the  perceived  dynamic  range  of  the  images 
and  thereby  the  diagnostic  value  of  those  Images.  An  analog 
pseudocoloring  technique  based  upon  Fourier  optics  has  been  used  in 
our  laboratory  to  encode  images  obtained  from  such  modalities  as 
conventional  X-ray,  Ultrasound  and  CT.  Emphasis  is  placed  on  the 
production  of  pseudocolored  images  mapped  into  the  "heated-object* 
scale  by  way  of  primary  intensity  functions  which  are  based  on  color 
matching  principles  and  realized  by  film  non-linearity  properties. 

A  final  phase  relief  transparency  contains  the  information  required 
to  produce  the  color  scale  when  used  as  the  input  signal  to  the 
white-light  optical  processor. 

KEYWORDS:  Pseudocolor,  white-light 

INTRODUCTION:  The  effectiveness  of  a  medical  image  can  be  measured 
as  a  clinician's  ability  to  make  a  positive  diagnosis  from  the 
image.  Part  of  that  ability  depends  on  the  image's  dynamic  range, 
which  includes  not  only  the  signal-to-noise  ratio  of  the  technique, 
but  also  the  manner  in  which  the  image  is  displayed.  A  measure  of 
the  human  eye's  ability  to  recognize  important  information  from  a 
display  modality  is  called  the  perceived  dynamic  range  (PDR) .  By 
modifying  the  display  system  to  increase  the  PDR,  the  overall 
diagnostic  effectiveness  can  be  improved. 

It  has  been  experimentally  shown  that  displaying  images  in 
color  increases  the  PDR  due  to  the  human  eye's  higher  sensitivity  to 
color  contrasts  (1).  Because  of  the  many  color  scales  available, 
the  following  criteria  for  an  optimal  scale  have  been  suggested:  1) 
the  scale  must  possess  a  natural  order  of  intensities;  2)  it  must 
be  averageable  such  that  a  non-homogeneous  region  can  be  displyed 
and  an  average  intensity  easily  deduced  and  3)  the  scale  must  have  a 
linear  intensity  mapping  according  to  human  eye  perception. 

A  color  scale  which  meets  these  requirements  and  provides  the 
highest  PDR  is  the  so  called  "heated-object"  scale  (HOS),  which  is 
based  upon  the  wavelength  distribution  of  radiation  emitted  from  a 
Plankian  blackbody.  The  intensity  of  the  signal  to  be  displayed  can 
o*  interpreted  as  a  temperature  of  a  blackbody  emittor  and  the 
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t  r  ar.apar  *nc  1  ea  car.  be  encoded  onto  one  pnotogragmc  film  needed  for 
subsequent  optica,  proceaelng. 
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The  encoding  !•  perfors^d  by  exposing  each  transparency  onto 
black  and  white  flla  through  a  sampling  grating  i eC  iinaa  par  suo  at 
specific  azimuthal  angles  (figure  3).  The  angles  were  chosen  to 
minimize  exposure  saturation  and  flora  fringe  interference.  This 
final  transparency  has  an  intensity  trensmi  ttance  which  can  be 
written  as 

Tix.yl  «  K  | T( x , y ) [ i teas ( px ) ]  ♦  T ( x , y  )  [ 1 tcos ( qy ) ]  ♦ 

T( x,  y ) [  ltcos(  xp/yTj;  J[  Ucoslyq/yj  )  ]| 


filers  J.  file  lecadts|  far  Ogtl««l  fresssnet. 


OPTICAL  PROCESSOR:  By  bleaching  the  encoded  transparency,  a  phase 
relief  object  is  produced,  which  can  be  written  as: 

T(x,y)  «  exp[l  <J>  (x,y)] 

cj)(x,y)  *  K'  J  T(x,y)  [  l+cos(px)  ]  +  T(x,y)[l+cos(qy) ]  + 

T(x , y ) [ 1+cos (xp/\^  )  ] [ 1+cob (yq/yj) ]  } 

If  this  film  is  placed  at  the  input  plane  of  the  white-light 
processor  (figure  A)  then  the  complex  light  distribution  for  every 
wavelength  at  the  Fourier  Plane  will  be  determined  by  the  Fourier 
transformation: 

S(a,b)  =^'[l  +  i<J>(x,y)-l/2$<x,y)+...]exp[-i2*’(ax+by)/Xf]  dx  dy 

where  the  input  exponential  has  been  expanded  and  f  is  the  focal 
length  of  the  Fourier  Lens. 


By  blocking  all  but  the  Mrit  order  term*  and  color  filtering 
the  appropriate  smears  in  the  Fourier  plane  the  complex  light  field 
paeeed  la  given  by: 

S(a.b)  «  S(a-tfp.b)  ♦  S(a,b-$q)  ♦  S(a-^.b-^) 

Another  Fourier  Tranaf ormat ion  is  required  to  produce  an  output 
image  whose  irradlance  ia  resolved  as: 

I  ( x ,  y )  *  T*(-x,-y)  +  T^(-x:-y)  T^(-x.-y) 

which  is  the  superposition  of  the  three  primary  intensity  functions 
encoded  on  the  input  plane  and  now  properly  colored  to  produce  the 
Image  In  the  HOS. 


RESULTS  AND  DISCUSSION:  Grey  scale  X-ray,  CT  and  Ultrasonic  Images 
have  been  successfully  encoded  into  the  HOS  utilizing  this  technique 
in  our  laboratory.  Ue  are  now  in  the  process  of  assessing  the 
clinical  efficacy  of  this  technique.  The  cost  associated  with  this 
approach  in  producing  a  pseudocolor  Image  from  a  grey  scale  image  is 
apparently  less  than  the  digital  approach,  however,  it  is  also  much 
less  flexible  Therefore,  whether  this  technique  can  replace  the 
digital  technique  remains  to  be  seen. 
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SECTION  XXVIII 


Dual-Aperture  Sampling  with  White-Light 
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Fringe  visibility  of  dual-aperture  sampling  with 
partially  coherent  illumination 

F  T  S  Yu  and  Y  W  Zhang 


Thr  affart  on  fringr  vtaibilil \  of  a  dual  apart urr  irrafin*  ivatem  produced  bv  two  mutual!*  partial!*  coherent 
point  aourcaa  i»  atudiad  Thr  two  mutuallv  parltaJh  coharant  point  aourcat  ara  generated  b*  an  original 
aitandad  inr  harem  aourra  Tha  problam  formulation  it  davalopad  from  tha  partial  coharanca  theory  of 
Wolf  Tha  iraulla  ahow  that  tha  fringe  viaibtlit >  it  aflactad  by  tha  apertral  bandwidth,  tot  in  me.  aampling 
aperture  ana.  at  wall  at  tha  defocuaed  ditiance  of  tha  imaging  ayatem  Thaaa  raaulta  ara  quite  continent  with 
tha  Thompeon  a  prediction!  of  Young  a  experiment 


I.  Introduction 

The  earliest  investigation  of  the  subject  of  partial 
coherence  may  be  that  of  Verdet1  who  in  1865  studied 
the  region  of  coherence  for  light  from  an  extended 
source.  Some  of  the  more  important  developments  of 
partial  coherence  theory  are  those  due  to  Van  Cittert2 
in  1934  and  Zernike-1  in  1938.  They  determined  the 
degree  of  coherence  for  light  disturbances  at  any  two 
points  on  a  screen  illuminated  by  an  extended  light 
source.  However,  it  was  Wolfs  mutual  coherence 
function4  in  1957  that  made  a  broader  scope  of  applica¬ 
tions  possible  for  coherence  theory.  In  addition,  it  was 
the  two-beam  interferometric  technique  of  Thompson 
and  Wolf56  that  provided  a  practical  measurement 
technique  of  the  degree  of  coherence. 

Recently,  Thompson  and  SudoF  addressed  the 
problem  of  finite-aperture  effects  in  the  measurement 
of  the  degree  of  coherence.  They  presented  a  1-D 
analysis  showing  that  the  fringe  visibility  of  a  two- 
beam  interferogram  can  be  predicted  by  the  convolu¬ 
tion  of  two  finite  apertures  under  illumination.  They 
have  developed  simple  formulas  to  gain  insight  for  the 
application  of  the  theory.  More  recently,  Marathay 
and  Pollock6  generalized  the  study  of  Thompson  and 
Sudol  elegantly  by  utilizing  a  2-D  approach.  Their 
analyses7-8  have  shown  that  the  effect  of  aperture  size 
becomes  predominant  in  the  neighborhood  of  the  zeros 
of  the  coherence  or  in  regions  where  the  coherence 
function  is  rapidly  changing.  While  Thompson  and 
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SudoF  and  Marathay  and  Pollock6  intended  to  point 
out  that  there  is  no  separation  of  apertures  for  which 
the  fringes  disappear  completely  due  to  finite  size  of 
the  aperture,  we  shall  analyze  the  decrease  of  the  fringe 
visibility  due  to  the  spectral  bandwidth,  source  size, 
sampling  aperture  size,  and  defocused  distance  by  fol¬ 
lowing  a  similar  approach.7  8 

In  this  paper  we  shall  study  the  effects  of  fringe 
visibility  under  partially  coherent  illumination.  Two 
mutually  partially  coherent  point  sources  derived  by 
an  extended  incoherent  source  are  imaged  by  a  dual- 
aperture  imaging  system  to  produce  interference 
fringes.  We  shall  utilize  a  partial  coherence  theory  to 
analyze  a  dual-aperture  imaging  system  under  partial¬ 
ly  coherent  illumination. 

II.  Problem  Formulation 

The  layout  of  the  system  under  consideration  is 
depicted  in  Fig.  1.  It  shows  that  a  diffused  surface  is 
illuminated  by  a  collimated  partially  coherent  light  at 
the  object  plane  of  a  double-aperture  imaging  system. 
The  imaging  lens  of  Fig.  1  is  assumed  very  thin  so  that 
the  pair  of  sampling  apertures,  which  are  touching  the 
lens,  can  be  located  at  either  the  entrance  or  exit  pupil. 

In  the  problem  formulation,  we  assumed  that  a  lin¬ 
ear  extended  incoherent  source  is  utilized.  If  the  in¬ 
tensity  distribution  of  the  source  is  y(6),  then,  for  a 
given  wavelength  X,  the  mutual  intensity  function  in  a 
1-D  form  arriving  at  the  object  plane  Pi  would  be4 
f'o 

r<M2;X>  *  t<0)  exp[-i*(f  j  -  (1) 

where 

As/2 

Sr,  * -  (2) 

|(£>,/2)!  +  /,2)’'7 

is  the  source  divergent  angle,  D;  is  the  diameter  of  the 


-;j  - 


Fi(  1  Du»l-«pertur*  imaging  mum  with  parliallv  rohtrtnt  illu 
mination  L |.  collimatad  lana.  L7,  imaging  lam.  F,.  object  plana.  Ft. 
output  plana 


collimating  lens  Lj,  /i  is  the  focal  length  of  L|,  and  *  ■ 
2*7A. 

If  we  assume  that  the  diffused  complex  light  field 
from  the  object  plane  P i  is  f({),  the  mutual  intensity 
function  reflected  from  diffused  object  at  P j  would  be 


-  ru^xifu.ifUji. 


where  the  superscript  asterisk  denotes  the  complex 
conjugate.  Due  to  the  Fresnel  diffraction  from  Pi  to 
Pi,  the  mutual  intensity  function  at  the  front  of  the 
sampling  apertures  would  be 


rUi^;*)  ■  J  Jr  UpfjiA) 

x  exp{~‘Yi  " <Xj "  (4) 


The  the  mutual  intensity  function  immediately  behind 
the  image  lens  would  be 


where 


i  I .  k  j\  D  d  i  |  .  D  ,  d 
.  ( expl  i—x1  ,  —  -  —  i  xl  <  —  +  — 

*  I  V  2/  /  2  2  2  2 


0,  otherwise. 


f  is  the  focal  length  of  the  imaging  lens  Li.  Therefore, 
the  output  mutual  intensity  function  at  Pj  would  be 


ra,.a,;\)  m  J  Jr 

X  *XP{_liI  '<0'  ~  I,)Z  “  (c<:  “  Xj)2l}  (7 


It  is  apparent  that  the  corresponding  intensity  distri¬ 
bution  due  to  A  at  P 3  can  be  written  as 


•  ■  1 1  'i.i> 


1  *  |  "  -  *  ’’  “  ■  1- 


*  d(  At  a  1 . 


We  are  now  in  a  position  to  raise  a  fundamental  issue 
to  what  extent  would  the  visibility  of  the  output  inter 
ference  fringes  be  affected  by  the  degree  of  coherence 
of  the  illumination0  T o  answer  this  question  we  shall 
utilize  the  general  formulation  of  Eq  (8)  to  determine 
the  effects 


III.  Effect  under  Temporally  Partially  Coherent 
Illumination 


We  shall  first  determine  the  effect  under  temporally 
partial  coherent  illumination.  To  do  so,  we  let  the 
light  source  S  be  a  point  (i.e..  As  ■  0)  but  with  finite 
bandwidth  (i.e.,  AA  *  0).  Thus  the  overall  output 
image  irradiance  at  P3  would  be 


r*.  ♦  xi/i 

<a)  ■  Jia.X 

.  An  -  AA/2 


where  Ao  is  the  center  wavelength  of  the  light  source, 
and  A  A  is  its  soectral  bandwidth. 

The  light  field  within  the  sampling  aperture  with 
radius  d  can  be  kept  coherence  if  lf(£,tj)f*(£,t))l  has  a 
shape  and  size  similar  to  the  Airy  spot  produced  by  the 
aperture.  However,  in  this  paper  we  shall  discuss  a 
special  case  where  the  dual  aperture  is  illuminated  by 
two  mutually  partially  coherent  point  sources. 

Let  us  now  take  two  arbitrary  object  points  at  Pi 
with  separation  equals  to  the  Airy  spot  projected  into 
the  source  plane,  i.e., 


Kf)  -  i(f  -  f0>  +  H(  +  f0>. 


where 


[ 1 2  +  (D!  2)2]1/2 


and  the  magnification  of  the  Airy  spot  is  assumed 
unity. 

We  note  that  £0  could  be  another  value  rather  than 
the  Airy  spot  in  the  following  analysis,  but  the  Airy 
spot  would  be  important  if  an  extended  object  at  P\  is 
considered.  By  substituting  the  above  equations  into 
Eq.  (8),  we  show  that 


Ha-.M  - 


where 


3192  APPLIED  OPTICS  /  Vol.  25,  No.  18  /  15  September  1986 


■\>  'j  •*' 


1 

/ 1  ll  '  1  * 

*•  l 


1 

c 

i 


I  U.  i,  »*u,' 


x 


§ 


s 


r' 


I 


I 


'1  .  *■  "  * 


-  £  ^ 

..  '  :t  ’ 

~T  .  ' 


"W/, 


Fij  1  Dual-aperture  iro**m*  svetem  with  partialh  coherent  iliu 
minalion  L,.  collimated  Ian*.  L imafinf  i*n».  P,.  object  plane.  Pi. 
output  plane 


collimating  lens  L\,  (\  is  the  focal  length  of  L1(  and  k  ■ 
2  »/X. 

If  we  assume  that  the  diffused  complex  light  field 
from  the  object  plane  P i  is  f({).  the  mutual  intensity 
function  reflected  from  diffused  object  at  P]  would  be 


r  t4,.f ,;X»  - 


(3) 


where  the  superscript  asterisk  denotes  the  complex 
conjugate.  Due  to  the  Fresnel  diffraction  from  P\  to 
Pi.  the  mutual  intensity  function  at  the  front  of  the 
sampling  apertures  would  be 


£ 

nxi-^xi-^jjr-u^x) 

{  h  1 

x  «xp|-i—  |Ci,  -  E,»2  -  (Jtj  -  f2,sjj 

«> 

? 

The  the  mutual  intensity  function  immediately  behind 
the  image  lens  would  be 

£ 

r'(i,^tj;x)  •  w.jyxmxjr-ixj). 

(5) 

where 

$ 

Tix)  * 

0,  otherwise, 

(6) 

& 

a* 

/  is  the  focal  length  of  the  imaging  lens  Li. 
the  output  mutual  intensity  function  at  P3 

Therefore, 
would  be 

jr'UfjCj.X) 

X 

x  exp- 

-i—Ka,  -  x,)2  -  (a:- x,)2]  dxtdx ,.  (7) 

It  is  apparent  that  the  corresponding  intensity  distri¬ 
bution  due  to  X  at  P3  can  be  written  as 
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We  are  now  in  s  position  to  raise  a  fundamental  issue 
to  what  extent  would  the  visibility  of  the  output  inter¬ 
ference  fringes  be  affected  by  the  degree  of  coherence 
of  the  illumination''  To  answer  this  question  we  shall 
utilize  the  general  formulation  of  Eq.  (8)  to  determine 
the  effects 


HI.  Effect  under  Temporally  Partially  Coherent 
Illumination 

We  shall  First  determine  the  effect  under  temporally 
partial  coherent  illumination.  To  do  so,  we  let  the 
light  source  S  be  a  point  (i.e.,  As  *  0)  but  with  Finite 
bandwidth  (i.e.,  AX  *  0).  Thus  the  overall  output 
image  irradiance  at  P3  would  be 

/(a;X)dX,  (9) 

Jy-. 


/In)  1 


Jy  -  A*/2 


where  Xo  is  the  center  wavelength  of  the  light  source, 
and  AX  is  its  spectral  bandwidth. 

The  light  Field  within  the  sampling  aperture  with 
radius  d  can  be  kept  coherence  if  has  a 

shape  and  size  similar  to  the  Airy  spot  produced  by  the 
aperture.  However,  in  this  paper  we  shall  discuss  a 
special  case  where  the  dual  aperture  is  illuminated  by- 
two  mutually  partially  coherent  point  sources. 

Let  us  now  take  two  arbitrary  object  points  at  Pi 
with  separation  equals  to  the  Airy  spot  projected  into 
the  source  plane,  i.e., 


Kf)  -  Hi  -  so>  +  Hi  +  to)- 


(10) 


where 


to1 


1.22X 


sin© 


(11) 


sin©  ’ 


(12) 


[/:  +  (Z3/2)2]1'3 

and  the  magnification  of  the  Airy  spot  is  assumed 
unity. 

We  note  that  fo  could  be  another  value  rather  than 
the  Airy  spot  in  the  following  analysis,  but  the  Airy 
spot  would  be  important  if  an  extended  object  at  Pi  is 
considered.  By  substituting  the  above  equations  into 
Eq.  (8),  we  show  that 

ha:X)  -  A(o:XM*(a:X). 


(13) 


where 
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Since  the  output  plane  P3  i>  assumed  at  tome  dis¬ 
tance  As  away  from  the  imaging  plane,  i.e..  Ar  «  r,  the 
Gausaian  lent  formula  would  atill  be  a  good  approxi¬ 
mation  for  the  analysis,  i.e., 

M-i.o 

/  L  ! 

Thu*  Eq.  (14)  can  be  written  a* 

Aia.k I  *  *► 
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It  is  now  apparent  that  the  fringe  visibility  as  defined, 

lmmM\a)  —  / _ (o) 


V;to)  a 


/_„la>  +  /  (a) 


(23) 


can  be  written  as  (see  Appendix) 

f  „  r  2d(la  +  i.{0)iX"| 

1  I  J 


L 

.  f  2d(/o  -  L(0)AXl  1  ,  ,  ,  , 

+  ( lc  +  L(0):  (incj - - ^ -  |/2(/:o:  +  L'tl). 

(24) 

Figure  2  shows  plots  of  fringe  visibility  as  a  function 
of  a  for  various  spectral  bandwidths  of  the  light  source. 
From  this  figure,  we  see  that  the  visibility  decreases  as 
the  spectral  bandwidth  of  the  light  source  increases, 
which  is  quite  consistent  with  Thompson’s  prediction. 
Figure  3  shows  the  effect  of  fringe  visibility  due  to 
sampling  aperture  size.  Thus  we  see  that  the  visibility 
decreases  as  the  aperture  size  increases.  Figure  4 


x‘in[*(i-r)f]C0{Ki'T)f]-  <17) 

With  reference  to  Eqs.  (15),  (16),  and  (17),  Eq,  (13)  can 
be  written  in  terms  of  those  quantities: 

/(a;X)  -  U,(a;X)l5  +  Uj(a;X)P  +  A,(a;XM;(a;X) 

+  A;«x;XM,(a,X).  (18) 

The  overall  output  image  irradiance  at  P3  can  be 
written  as 

1(a)  “  7,(o)  +  /5(a)  +  /3(a),  (19) 

where 


Fig.  2.  Effect  of  fringe  visibility  due  spectral  bandwidth  iX  of  the 
light  source  under  temporally  partially  coherent  iliuminatior. 
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Fig  3.  Effect  of  fringe  visibility  due  to  tampling  aperture  »ne  d 
under  temporally  partially  coherent  illumination 


shows  the  effect  due  to  deviation  of  Az  (i.e..  defocused 
distance).  This  figure  shows  that  the  fringe  visibility 
decreases  as  the  defocused  distance  A2  increases. 


IV.  Effect  under  Spatially  Partially  Coherent  Illumination 

We  shall  now  consider  the  effect  due  to  spatially 
coherent  illumination.  In  this  case,  we  assume  that 
the  light  source  is  temporally  coherent  but  with  finite 
extension  (i.e.,  AX  =  0  and  As  ^  0).  The  source  irradi- 
ance  may  be  written  as 

l.ldl  <  9„. 

1(91-  (25) 

0.  otherwise. 


where  0O  is  the  source  divergent  angle. 

By  letting  X  =  Xo,  the  quantity  of  A(a;Xo)  can  be 
derived  from  Eq.  (8),  i.e., 


A<0:Xo)  *  Wl  *xpl-1*o*i#)l4(*i  “  W  +  +  5o)l 


t[~ — 


which  can  be  written  as 


AiaiXfl)  « 


(o’  to 

4exp  -.-(r+T 


‘ivr  i  .  r,  /otovi 

X  cos  k0  (j-  +  y^y  expl-iX^! 


4«xd-,Tlr  +  . 


2ir\0(lo  -  Lt0 


(a  io\d 


.  (a  io\D 

T0U"T/?J 


expUX^), 


where  ho  *  2ir/Xo.  and  Xo  is  the  wavelength  of  the  light 
source.  Thus  the  overall  output  image  irraaiance  at  P;. 
would  be 


■'rv 


.  lor  mm  o  .  j  itm 


o  rot  o  tr • 


Fig  4  Effect  of  fringe  visibility  due  to  defocused  distance  *lr  under 
temporally  partially  coherent  illumination 
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As  similar  to  the  foregoing  temporally  partially  coher¬ 
ent  source,  the  effect  of  the  fringe  visibility  due  to  the 
spatially  partially  coherent  illumination  can  be  evalu¬ 
ated  from  the  above  equation. 

Figures  5-7  show  the  plots  of  visibility  as  a  function 
of  distance  a  for  various  values  of  source  size  As.  sam¬ 
pling  aperture  size  d,  and  defocused  distance  Az,  re¬ 
spectively.  From  these  figures,  we  notice  that  the 
visibility  decreases  as  the  source  size  increases,  the 
sampling  aperture  enlarges,  and  Az  increases.  Al¬ 
though  the  variation  of  the  fringe  visibility  due  to  an 
extended  source  behaves  in  a  similar  manner  as  the 
bandwidth  variation,  the  effect  due  to  increasing 
bandwidth  (i.e..  AX)  is  more  sensitive,  as  can  be  seen 
from  Figs.  2  and  5.  In  terms  of  the  sampling  aperture 
size  (i.e.,  d),  we  have  seen  that  the  effect  on  fringe 
visibility  is  not  much  different  for  the  two  cases.  How¬ 
ever,  fringe  visibility  is  more  sensitive  to  aperture  size 
d  than  to  the  separation  D.  As  for  the  changes  of 
defocus  distance  Az.  the  effect  on  the  fringe  visibility 
has  generally  behaved  similarly  for  both  cases. 

Finally  we  stress  that  the  results  that  we  have  ob¬ 
tained.  using  two  mutually  partially  coherent  point 
sources,  are  quite  consistent  with  the  two-beam  inter¬ 
ference  measurement  of  Thompson.5-6 
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Fig  5  Effect  of  fringe  visibility  due  to  source  sue  As  under  spatial 
ly  partially  coherent  illumination 
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Fin  6  Effect  of  fringe  visibility  due  to  sampling  aperture  size  d 
under  spatially  partially  coherent  illumination. 


Appendix 

By  completing  the  integrals  of  Eqs.  (20)— (22).  we 
have 
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If  we  assume  that  D  »  d,  the  quantity  of  /3(a)  is  much 
smaller  than  I\(a)  and  h(a).  Thus  73(0)  can  generally 
be  neglected,  and  I\(a)  and  /2(a)  can  be  further  simpli¬ 
fied  as 
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Fig.  7  Effect  of  fringe  vistbihn  due  to  defocus^d  distinct  A:  unaer 
spinal  In  partially  coherent  illumination 


Thus  the  corresponding  fringe  visibility  can  be  written 
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We  acknowledge  the  support  of  the  U.S.  Air  Force 
Office  of  Scientific  Research  AFOSR  grant  83-0140. 


By  expanding  l/(  Ao  +  AX)  and  l/(Ao  —  AX)  in  binominal 
series  and  neglecting  the  higher-order  terms  of  (AX)2, 
the  output  image  irradiance  can  be  written  as 
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Optical  processing  has  made  significant  progress  in  the 
last  two  decades.  However,  an  existing  drawback  of  optical 
processing  is  the  requirement  of  an  input  transparency  that 
eventually  sacrifices  real-time  processing  capability.  The 
extremely  expensive  spatial  light  modulators  such  as  liquid 
c i  ystal  light  valve  (LCLV),  microchannel  spatial  light  modu¬ 
lator  (MSLM).  and  magnetooptic  device  (MOD)  have  been 
successfully  produced  and  applied  to  real-time  optical  pro¬ 
cessing.  On  the  other  hand,  low-cost  (<S150)  commercially 
available  flat  screen  transmission-type  liquid  crystal  televi¬ 
sion  (I.UTV)  can  be  modified  and  used  as  a  spatial  light 
modulate  in  a  real-time  optical  signal  processor.  Applica¬ 
tions  of  :.ie  LCTV  to  real-time  pattern  recognition  using  a 
coherent  optical  correlator  have  been  shown  by  Liu  et  al.1 
and  Gregory.2  A  study  of  the  performance  of  the  LCTV  has 
also  been  reported  by  McEwan  et  al.3  Recently,  Young4 


Vidicon 


OP 


Fig.  1.  Basic  experimental  setup:  5.  white-light  source.  L0.  colli¬ 
mator;  AP,  additional  polarizer;  LCTV,  liquid  crystal  television 
display:  i.,.  Fourier  transform  lens:  PA.  prefiltering  aperture,  i. 
imaging  lens;  FP.  enlarged  Fourier  transform  piane  Fourier 
transterm  lens:  OP.  output  piane 
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reported  coherent  edge  enhancement  using  the  LCTV,  and 
Tai5  has  also  shown  the  high  optical  quality  of  the  LCTV.  In 
this  Communication,  we  shall  report  other  applications  of 
the  LCTV  to  white-light  optical  processing. 

The  basic  experimental  setup  is  depicted  in  Fig.  1,  where 
the  display  panel  of  the  LCTV  is  put  in  a  liquid  gate.  A 
prefiltering  aperture  is  included  to  remove  the  higher-order 
spatial  frequencies  associated  with  the  inherent  grating 
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structure  of  the  LCTV.  Lens  L2  is  added  to  enlarge  the 
Fourier  transform  to  simplify  spatial  filtering. 

An  input  pattern  is  displayed  on  the  LCTV  based  on  a 
scanning  process;  however,  due  to  the  sufficiently  long  relax¬ 
ation  time  of  the  pixels,  the  input  pattern  is  actually  a  par¬ 
tially  spatially  coherent  image.  The  Fourier  spectra  of  a 
grating  input  was  observed  clearly.  However,  it  is  not  illus¬ 
trated  in  this  Communication,  since  it  has  been  shown  by  Liu 
et  al.x  Thus  it  is  evident  that  the  Fourier  transform  can  be 
effectively  performed. 

Lewis6  had  reported  real-time  coherent  optical  edge  en¬ 
hancement  using  an  expensive  Hughes  LCLV.  However, 
the  low-cost  LCTV  can  be  employed  to  provide  the  same 
result.  Young4  showed  some  results  of  the  edge  enhance¬ 
ment  of  a  2-D  pattern  using  laser.  The  edge  enhancement  of 
a  2-D  pattern  using  a  white-light  processor  is  shown  in  Fig.  2. 
Figure  2(a)  illustrates  the  input  pattern  as  displayed  on  the 
LCTV.  A  high-pass  spatial  filter  is  placed  on  the  enlarged 
Fourier  transform  plane  (FP)  to  generate  an  edge  enhanced 
image.  The  corresponding  result  is  shown  in  Fig.  2(b).  The 
edge  enhanced  image  obtained  using  laser  illumination  is 
provided  in  Fig.  2(c)  for  comparison.  We  note  that  the 
coherent  artifact  noise  shown  in  Fig.  2(c)  has  been  removed 
in  the  white-light  processing  as  shown  in  Fig.  2(b).  Another 
experiment  of  edge  enhancement  using  a  3-D  object  is  also 
demonstrated  in  Fig.  3.  A  small  toy  car  is  viewed  with  a 
remote  vidicon  and  displayed  on  the  LCTV  as  shown  in  Fig. 
3(a).  The  corresponding  edge  enhanced  image  is  shown  in 
Fig.  3(b). 

Another  application  of  the  LCTV  to  white-light  processing 
has  also  been  studied.  An  input  pattern  shown  in  Fig.  4(a)  is 
used  to  demonstrate  spatial  color  encoding.  At  the  enlarged 
Fourier  transform  plane  the  vertically  diffracted  light  passes 
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through  a  green  color  filter.  In  the  same  manner,  the  hori¬ 
zontally  diffracted  light  passes  through  a  red  filter  at  the 
enlarged  Fourier  transform  plane.  Therefore,  a  red  triangle 
and  green  background  would  be  obtained.  This  method  is 
commonly  used  in  the  archival  storage  of  color  films.7  The 
color-coded  experimental  result  using  a  white-light  source  is 
shown  in  the  black-and-white  picture  in  Fig.  4(b).  The 
result  has  good  color  separation. 

Summarizing:  Applications  of  a  low-cost  commercially 
available  fiat  screen  transmission-type  LCTV  to  real-time 
elementary  white-light  optical  signal  processing  have  been 
studied.  Although  the  picture  is  displayed  on  the  LCTV 
based  on  a  scanning  process,  the  sufficiently  long  relaxation 
time  of  the  pixels  provide  a  partially  spatially  coherent  input 
image.  Thus  real-time  optical  signal  processing  can  be  car¬ 
ried  out  using  the  LCTV  instead  of  other  extremely  expen¬ 
sive  light  modulators.  However,  the  LCTV  has  such  draw¬ 
backs  as  low  resolution  and  contrast.  We  like  to  stress  that 
the  LCTV  is  low  in  cost,  and  with  further  improvements  the 
LCTV  should  be  very  useful  for  not  only  coherent  but  also 
white-light  optical  signal  processing. 

We  acknowledge  the  support  by  U.S.  Air  Force  Office  of 
Scientific  Research  grant  AFOSR-83-0140. 
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Fig  3.  (a)  Input  pattern  of  a  toy  car  which  is  displayed  on  the  Fig  4.  (a)  Input  pattern  used  for  spatial  color  encoding.  (b)Black- 
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SUMMARY  A  one-step  method  for  recording  color  information 
on  a  monochrome  transparency  using  a  linear  tricolor  sampling 
pattern  is  proposed.  Ii  is  shown  thal  the  method  avoids  color- 
cross-talk.  moire  fringes,  and  marginal  resolution  loss  The  linear 
tricolor  sampling  pattern  is  described  in  dciail  as  well  as  a  method 
for  computer  generating  the  tricolor  grating.  Color  images  retrieved 
using  the  grating  show  that  ihc  method  is  a  viable  alternative  to 
previous  three  step  encoding  method' 


Description  et  utilisation  d’un  reseau  echantillonneur 
trichromatique  cree  par  ordinateur 

RESUME  :  On  propose  une  methode  qui  permet  (fenregjstrer  les 
couleurs  d'un  coup  sur  une  emulsion  noir  et  blanc  en  uttltsant  un 
reseau  echantillonneur  trichromatique.  On  montre  que  la  methode 
evite  rmtermoduiation  des  couleurs.  les  phenomenes  de  moire  et 
minimise  les  pertes  de  resolution.  Le  reseau  echantillonneur  lincaire 
esi  deem  ainsi  qu’une  methode  pour  generer  le  reseau  irichroma- 
nque  par  ordinateur.  Les  resultats  experimental*  montrent  que 
cettc  methode  est  une  alternative  envisageable  a  la  precedentc 
methode  de  eodage  en  trois  etapes. 
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I.  —  ISTRODLCTIOS 


I 


;« 
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Industries  which  rely  on  the  archival  storage  of  color 
images  have  long  been  plagued  with  the  problem  of 
color  fading.  The  cause  of  this  fading  is  the  instability 
of  the  organic  dyes  used  in  color  films.  In  an  effort 
to  avoid  color  fading,  numerous  methods  of  diffraction 
color  photography  have  been  proposed.  In  1969. 
P.  F.  Mueller  [lj  proposed  a  one-step  method  of  color 
image  retrieval  using  a  tricolor  grid  screen  to  encode 
on  a  monochrome  transparency.  The  image  was 
retrieved  using  three  quasi-monochromatic  light  sour¬ 
ces:  This  method  successfully  avoided  the  cross- 
product  spectra  by  using  limiting  apertures  in  the 
Fourier  plane,  but  these  apertures  also  caused  some 
marginal  resolution  loss.  In  addition,  due  to  the  non¬ 
linearity  of  color  fiim.  the  overlapping  elements  of  the 
tricolor  grid  screen  resulted  in  unavoidable  coior- 
cross-taik. 

Several  similar  methods  of  archival  storage  have 
been  subsequent!)  reported  by  Macovski.  Grousson. 


Kinany.  and  Yu  [2-4],  In  recent  articles.  Yu  et  at.  [5] 
have  demonstrated  a  white-light  method  for  archival 
storage  of  color  information  on  a  monochrome  trans¬ 
parency.  Each  of  the  three  primary  colors  of  an  image 
were  modulated  into  separate  positions  by  three  dif¬ 
fraction  gratings  of  different  frequencies  or  azimuthal 
orientations.  The  image  was  retrieved  by  passing  the 
three  primary  image  spectra  through  wide  band  spatial 
filters  and  recombining  them  to  form  a  color  image. 

In  the  present  paper,  we  propose  a  one-step  method 
for  recording  color  information  on  a  monochrome 
transparency  using  a  linear  tricolor  sampling  pattern. 
Since  the  sampling  pattern  is  linear,  both  moire  fringes 
and  color-cross-talk  are  avoided.  In  addition,  broad 
band  spatial  filters  can  be  used  for  decoding,  thus 
avoiding  marginal  resolution  ioss.  In  the  following 
sections,  we  will  describe  the  linear  tricolor  sampling 
patiem  in  detail  as  well  as  discuss  a  method  for 
constructing  the  grating  using  computer  generated 
piots.  We  will  then  demonstrate  the  application  of  the 
tricolor  grating  to  both  color  archival  storage  and 
color  image  retrieval  and  discuss  us  unique  merits. 
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II.  —  THEORY 

A  method  has  been  suggested  for  generating  a  tri¬ 
color  sampling  pattern  by  sequential  exposures  of 
sampling  gratings  [1]  as  shown  in  figure  1.  Bv  using 
white-light  illumination  the  tricolor  grating-^ampleifV 
the  respective  three-color-information  of  j)r*s^ color 
transparency  onto  the  Bhotogrupnia^hn. 

/me  .-\  c  cJxrti  .vie- 

Co-li  molt  a  wiwl«-UgM 


R«d  Color 
/Filter 


Goto  Color 
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Blue  Color 
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Contocl 
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Fig.  1 .  —  (jcnvruimil  u  irit  ulur  iiruiinti  hr  sequential  exposures  o\ 
sampling  trunnsts. 


We  now  discuss  the  encoding  procedure  in  more 
detail.  For  simplicity,  a  bicolor  grid  is  illustrated 
rather  than  a  tricolor  graung  Let  region  1 -2-3-4  be 
t/0(.v.  v).  as  shown  in  figure  2.  and  the  grating  function 
yi x  v)  be  written  as 

y( .V.  r)  =  y  Y  </0(.v  +  mil, ,  r  +  nil, ) .  (1) 

where  J]  and  </;  are  the  periods  in  the  .v  and  v  direc¬ 
tions  respectively 

The  complex  amplitude  transmittance  of  the  bicolor 
grid  can  be  described  by  the  following  equation  : 

ti.x.y.  /.)  = 

=  1 1  Cj ;.)  exp[i(2  -  ).f)imi,t  x  -  nfi0  i)]  .  (2) 

where  J  is  the  focal  length,  and  C„„(  /.)  are  the  double 
Fourier  coefficients  in  terms  of  wavelength  /.  des¬ 
cribed  bv 


•d I  t  ml;  : 


o;.)  = 
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x  e.\p[  -  i(2  z,  //)  (mi0  .x  -  i)]  d.v  di  .  (3) 


2  and#  are  the  linear  spatial  coordinates  of  the  Fourier 
plane,  and  the  respective  angular  spatial  frequencies. 
p0  and  yQ.  can  be  written  as 

Po  —  (-  ”■  f-f)  ao  =  -  z.d{ 

<?o  *  (2  z:i.f)$0  *  2  z.d,  .  {  : 

Let  the  amplitude  of  the  green  light  passed  by  the 
nonoveriappmg  region  0-5-2-6  be  A(g).  the  red  light 
passed  by  the  nonoveriapping  region  0-7-4-8  be  Mr). 
and  the  amplitude  of  light  passed  by  the  region  0-6-3-7. 
which  is  the  overlapping  of  green  and  red.  be  A(y). 
Then  due  to  the  nonlinearity  of  photographic  film,  the 
amplitude  of  light  passed  by  the  region  0-6-3-7  is  not 
equal  to  A{g)  plus  Air),  but  is  instead  equal  to  A(g )  - 
A.4(y)  plus  Air)  -  A.4(rl  Illumination  by  collimated 
white-light  results  in 


Cm.iy)  = 


1  Aiy)  exp[-  it 2  n  l.J)(mz0i.x  -  a.  2)  -  n/?0(  r  -  a;'2))l  - 


-  [Aiy)  -  A.-Jlyoj  exp[  —  i(2  r.  ;../)imj,|.Y  -  c.  2)  -  n30iy  -  a*  2))]  ;  d.r  d.v 
_  f  Kjy)[Aiy)  -  A.-iiqi]  n  =  0 
I  Kni  g)  A.4(  g)  m  =  0  . 


(5) 
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;,4(r)exp[-  i(2  7t  /y  f)(mx 0(x  +  at! 2)  *  nf}0(y  -  a,, '2))]  + 

•'ji 


+  (/!(/•)  -  A.4(r)]  expf-  i(2  (ma0(.v  -  a, '2)  +  n/l0(  v  -  a,  2))]  )  d.r  dy 

f  X'„(r)  [A(r)  -  A/l(r)]  m  =  0 
(  K  Jr)  A.4(r)  n  -  0  . 


where  X,(/.)  are  complex  constants  with  index  m  or  n. 
and  we  have  assumed  that  a,  «(l  2 )dl.a:  =(l  2)d,. 

Taking  a  two-dimensional  Fourier  transform  of 
r(.v.  v.  /.).  we  have 


f  (a.  /?./.)*  V  V  Cm.( /.)  <)(x  -  m/.f  d{)  -  n/.f;d:). 

(7) 


The  distribution  of  spectra  in  the  i  direction. of  the 
Fourier  plane  can  be  written  as 


fix  /.„)  =  T  Kjt))  [.■!(«/)  -  A.-llr)]  <)lx  -  m/.Jid ,). 


f  ( x  /.,)  =  ^  X Jr)  A/t(r)  ()( 2  -  m/.,J,dl).  (9) 


SimilarK.  the  distribution  of  spectra  in  the  /(  direction 
of  the  Fourier  plane  can  be  written  as 


f  i/f.  =  £  X„(i/)  A.-IU/)  .)(/f  -  n,  J  d:).  (10) 


Til).  /.,)  =  ^  XJr)  [.-)(/•)  -  A.-tir)]  Oi/f  -  rt/.j  d.) . 


From  Eas.  (S5)  to  ill),  we  conclude  that  there  are 
not  only  the  spectra  of  the  green-color-grating.  but 
also  the  spectra  of  the  red-color-grating  on  the  2-axis 
of  the  Fourier  plane.  Furthermore,  the  size  of  the 
light  source  and  tne  color  smear  cause  the  nth  order 
of  both  spectra  to  overiap  resulting  in  color-cross-.- 
talk  (i.e..  two  colors  can  not  be  distinguish!  Color- 
cross-talk  also  occurs  on  the  /J-axis.  To  avoid  the 
effects  of  color-cross-talk,  we  propose  a  new  type  of 
sampling  pattern  from  which  three  distinguishable 
spectra  will  result. 

Figure  3  shows  the  constitution  of  a  linear  tricolor 
sampling  pattern  (LTSP).  The  basic  idea  is  that  no 
color  cells  overlap,  so  that  we  avoid  the  effects  of  the 
nonlinearity  of  the  film.  The  red  color  periodic  pattern, 
which  is  independent  of  the  v  direction,  has  the  period. 
d,.  in  the  x  direction.  The  green  pattern  has  the  period, 
d,.  in  the  x  direction,  and  the  period.  dy.  in  the  y 
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direction.  The  blue  pattern  has  the  same  penod  d. . 
in  the  v  direction,  as  the  green  one.  and  the  penod 
d*.  in  y  direction.  The  sizes  of  the  transparent  cells  of 
red  green.  and  blue  color  are  a,  by  y.  a,  by  ar  and 
C|  by  uh.  respectively  Tne  relative  dimensions  of  the 
parameters  are 


dr  -  2  d,  .  d,  $  a.  -  a, 

3  dt  «  2  d„ .  dt  2;  2to,  -  ab) .  (12) 

The  LTSP  function  g{x.  y)  can  be  written  as 


=  ^  ^  [«/.J.v  -  md.i  -  g^ix  -  md  .  v  -  ndj  -  g^ix  -  md..  \  -  nd.'<  . 


The  Versatec  8222A  electrostatic  plotter  was  used 
to  generate  black  and  white  diagrams  of  the  three 
sampling  patterns.  The  writting  instrument  is  a  double 
row  of  plotting  nibs  past  which  the  plotting  paper 
moves.  Each  nib  is  0.005  inches  in  diameter  and  the 
two  rows  are  offset  by  0.0025  inches,  forming  a  rela¬ 
tively  smooth  and  continuous  plot.  The  plotting  sur¬ 
face  is  21.12  inches  wide  and  72.00  inches  long.  Refer¬ 
ring  to  Eq.  (12)  and  figure  3.  we  have  dt  ^  4  pixels 
if  a  =  ab  =  l  pixel.  Due  to  the  overlap  of  two  adja¬ 
cent  dots.  Mistaken  to  be  8  pixels  so  that  db  =  12  pixels. 
Because  the  actual  width  of  useful  paper  is  2 1 . 1 2  inches 
on  the  Versatec  8222A  plotter,  we  have  4  224  pixels 
in  the  .r-direction.  After  leaving  space  for  the  special 
marks,  for  example  128  x  2  pixels.  4  224  -  128  x  2  = 
3  968  pixels  remain.  Thus,  we  can  draw  3  968/12  is 
330  lines  for  the  blue-color-sampling-pattem.  and 
3  968/8  =:  496  lines  for  the  green-color-sampling- 
pattern  in  the  .v  direction.  After  reducing  to  a  35  mm 
transparency,  the  sampling  frequencies  are  330/22  ^  15 
(lines/mm)  and  496.22  ^  22.5  (lines/mm)  respectively. 
Similarly,  if  a,  =  I  pixel  and  <4  =  12  pixels,  we  can 
draw  525  lines  m  the  r-direction  (corresponding  to 
6  300  pixels,  i.e..  31.5  inches  long).  Then  the  red-color- 
sampling-pattern  frequency  is  approximately  equi¬ 
valent  to  525  35  s  15  (lmes;mm). 

Although  sampling  frequencies  of  15  lines, mm  and 
22.5  lines  mm  are  low.  they  are  satisfactory  for  eva¬ 
luating  the  potential  for  a  one-step-encoding  techni¬ 
que.  To  acheive  higher  sampling  frequencies,  we  can 
use  instruments  which  possess  very  fine  output,  such 
as  a  Microdensitomeier.  For  example,  the  PDS  model 
1010  Microdensitometer  is  able  to  resolve  the  pixel 
position  information  wnh  a-re»oUn>on  -of«l  u_\Vuh_a 
spacing  of  12‘ji^the  sampling  frequency  is  expected  to 
be  about  80  lines  mm. 

Diffraction  efficiency  is  one  of  the  most  important 
considerations  when  constructing  the  LTSP.  Theore¬ 
tically.  the  thin  rectangle  shape  amplitude  transmit¬ 
tance  grating  possesses  the  maximum  diffraction 
efficiency  with  i/mj>  ^  I0"„  [6],  However,  the  diffe¬ 
rences  of  the  coiors  and  the  sampling  patterns  may- 
cause  the  efficiency  of  the  LTSP  to  be  less  than  the 
maximum.  The  diffraction  efficiency  can  be  increased 
by  optimizing  the  sampling  pattern  parameters  and 
by  optimizing  the  length  of  exposure  to  each  color- 
sampling-pattem  during  grating  construction. 

In  finding  the  optimal  sampling  pattern  parameters 
we  investigate  the  effects  of  the  sampling  frequencies 
and  the  sizes  of  the  transparent  cells.  Recalling  Eqs. 
(14)  to  (16).  the  diffracted  wave  amplitudes  are  the 
Fourier  coefficients.  Cm„U).  The  wi(th)  order  diffrac¬ 
tion  efficiency  is  defined  by 

=  cm„(  <20) 

where  *  denotes  the  complex  conjugate.  For  the  red- 
sampling-pattern  we  are  interested  in  the  rm  =  10 
order  and  for  the  green  and  biue-sampling-patiems 
we  are  interested  in  the  mn  =01  order.  Figure  5  shows 
the  curves  of  diffraction  efficiency  versus  a'd  as  cal¬ 
culated  from  Eq.  (20).  These  curves  show  that  the 
diffraction  efficiency  improves  as  the  cel!  size  is 
increased  anc  the  period  is  decreased. 

The  second  method  lor  improving  the  diffraction 
efficiency  of  the  LTSP  is  by  finding  the  optimal  length 


2  a  «  s  •  ?  •  •  i«  m  i2  ta  m  is 


(Q) 


a 

\ 


: 


*/• 

* 

Fio.  5.  —  Diffraction  ejjhiemv  versus  a  d. 
(a)  Red-sampim^-patiern. 

(bl  Own  and  blue  sampimf •patterns. 


of  exposure  to  each  coior-sampling-panem  when 
recording  the  grating.  Figures  6<ai.  <b/.  and  ic) 
show  the  empirical  exposure  versus  efficiency  curves 
for  each  of  the  three  coior-sampling-pattems  recorded 
on  Kodak  2483  color  film.  These  curves  show  where 
the  optimal  exposure  values  occur.  In  practice,  we 
do  not  have  access  to  equipment  that  would  enable 
us  to  realize  the  optimal  sampling  pattern  shape. 
However,  we  do  follow-  the  optimal  exposure  times 
from  figure  6  in  recording  the  grating. 

A  second  consideration  in  recording  the  LTSP  is 
the  color  balance  of  the  retrieved  color  image.  It  is 
known  that  the  exposure.  £.  of  an  encoded  film  is 
defined  by 

E  =  IT  (21) 

where  T  is  the  duration  of  the  exposure  and  I  is  the 
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intensity  incident  on  the  encoded  film.  In  three  step 
encoding,  we  controlled  color  balance  by  adjusting 
the  length  of  exposure.  T,  for  each  color  encoded 
However,  for  one-step  encoding,  T  is  the  same  for  all 
three  colors  and  the  color  balance  now  depends  only 
on  the  variation  of  /  with  respect  to  /.  The  incident 
intensity  is  dependent  upon  the  intensity  of  light 
transmitted  by  the  LTSP  which  is  dependent  on  the 
length  of  exposure  to  each  color-sampling-pattem 
during  grating  construction.  Thus  we  must  choose 
whether  to  optimize  color  balance  or  grating  efficiency 
when  choosing  the  exposure  times  for  recording  the 
grating  However,  the  color  balance  of  the  retrieved 
color  image  can  also  be  adjusted  by  using  neutral 
density  filters  at  the  Fourier  plane.  With  this  in  mind 
and  considering  the  difficulties  in  realizing  the  optimal 
sampling-pattern  for  maximum  efficiency,  we  choose 
exposure  times  that  maximize  the  diffraction  efficiency 
of  the  grating 

A  final  consideration  when  recording  the  LTSP  is 
the  film.  A  high  resolution  film  is  best,  and  we  choose 
Kodak  2483  color  film  which  has  a  cut  off  spatial 
frequency  of  200  lines, mm. 


IV.  —  APPLICATIONS  AND  RESULTS 


One  step  color  archival  storage  can  be  achieved 
using  the  contact  printing  method  illustrated  in 
figure  7.  Kodak  AHU  5460  Microfilm  was  chosen  as 
the  film  to  be  encoded  because  its  spectral  response 
matches  that  of  the  tricolor  grating  and  it  is  a  high 
resolution  film.  The  film  was  encoded  by  bringing  it 
into  contact  with  the  grating  and  exposing  it  to  the 
object  transparency.  To  increase  the  diffraction  effi¬ 
ciency.  the  encoded  film  was  bleached  after  develop¬ 
ment.  Figure  .V  shows  the  original  transparency,  a 
picture  of  two  football  players  which  contains  the 
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Flo. 9  —  Color  picture  nf  mo  titothull  platers  retnet  I  i/  from  the  one-step  encoded  monochrome  transparence 


primary  colors.  Figure  9  is  a  picture  of  the  image 
retrieved  from  the  encoded  transparency. 

The  tricolor  grating  can  be  used  for  color  image 
retrieval  by  mounting  the  grating  on  a  glass  slide  and 
placing  the  slide  in  the  focal  plane  of  a  camera,  as 
shown  in  figure  10.  When  the  black  and  white  fiim 
is  loaded  in  the  camera  and  the  camera  back  closed 
the  fiim  and  grating  emuisions  are  brougnt  into  contact 


to  obtain  a  contact  print.  To  prevent  scratching  the 
film  against  the  grating  the  camera  back  is  left  open, 
and  the  room  darkened,  when  advancing  the  fiim. 
The  method  could  be  further  simplified  b>  devising  a 
spring  mechanism  in  the  camera  which  wouid  hold 
the  fiims  in  contact  during  exposure  and  release  them 
when  the  film  is  ad'.ar.cec.  lr.  tms  manner  the  camera 
back  could  remain  closed  throughout  the  encoding 
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process.  Figure  II  is  j  picture  of  the  object,  a  toy  lion, 
used  to  demonstrate  color  image  retrieval  and  figure  12 
is  the  retrieved  color  image.  Here  again.  Kodak  5460 
Microfilm  was  encoded  and  the  developed  film  was 
bleached  to  increase  efficiency. 

Examining  the  results,  one  sees  that  the  color  in  the 
retrieved  images  is  very  close  to  the  original.  However, 
some  resolution  is  lost  in  the  retrieved  image.  Increas¬ 
ing  the  sampling  frequency  of  the  sampling  pattern 
would  increase  the  resolution  of  the  retrieved  image 
as  well  as  enrich  the  color.  One  additional  advantage 
of  the  tricolor  grating  is  that  since  the  color  cells  do 
not  overlap,  the  dynamic  range  of  exposure  is  greatly 
expanded. 
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We  have  discussed  a  linear  tricolor  sampling 
pattern  (LTSP)  for  recording  color  information  on  a 
monochrome  transparency.  The  grating  has  no  over¬ 
lapping  color  cells  so  that  color-cross-talk  and  moire 
fringes  are  avoided.  In  addition,  since  the  system  uses 
white-light  and  broad  band  spatial  filters  for  decoding. 
marginal  resolution  loss  is  avoided.  A  method  for 
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constructing*LTSP  using  computer  generated  plots  of 
the  sampling  pattern  has  been  presented  with  special 
attention  paid  to  maximizing  the  diffraction  efficiency. 
Results  obtained  with  the  LTSP  have  remarkably 
good  color  although  some  loss  of  resolution  is  suffered 
Increasing  the  sampling  frequency  wouid  avoid  reso¬ 
lution  loss  as  well  as  enrich  the  color  of  the  retrieved 
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SECTION  XXXI 
Concluding  Remarks 


XXXI.  Concluding  Remarks 

Ir»  this  research,  we  have  developed  a  white-light  optical  signal 
processor  for  complex  data  processing.  The  coherence  requirement  is 
analyzed  through  the  partial  coherence  theory  of  Wolf.  We  have  shown  that 
the  white-light  signal  processor  is  capable  of  processing  the  signal  in 
complex  amplitude  as  a  coherent  image  processor;  at  the  same  time  the 
processor  is  dapable  of  suppressing  artifact  noise  as  an  incoherent 
processor . 

To  alleviate  the  spatial  coherence  constraint  of  a  physical  light 
source,  a  source  encoding  concept  is  developed  so  that  the  optical 
processing  can  be  carried  out  with  an  extended  source.  To  remove  the 
constraint  of  the  temporal  coherence  of  a  whiter-light  source,  we  utilize  an 
image  sampling  grating  to  improve  the  degree  of  temporal  coherence  in  the 
Fourier  plane  so  that  the  image  can  be  processed  in  complex  amplitude.  We 
have  also  demonstrated  that  the  white^light  optical  processor  is  very 
economical  and  easy  to  operate,  in  contrast  with  coherent  counterparts.  We 
have  shown  that  the  white-light  optical  processor  would  offer  a  broader 
range  of  application  to  many  scientific  imageries. 

In  this  report,  we  have  summarised  some  of  the  advances  in  de blurring, 
subtraction,  color  retrieval,  and  pseudocolor  encoding  can  be  easily 
carried  out  by  the  proposed  white-light  optical  signal  processor. 

In  spite  of  the  flexibility  of  digital  processing,  optical  methods 
offer  the  advantage  of  capacity,  color,  simplicity,  and  cost  effectiveness. 
Instead  of  contronting  each  other,  we  can  expect  a  gradual  merging  of  the 


optical  and  digital  techniques.  The  continued  development  of 
optical-digital  interfaces  and  various  electro^optics  devices  will  lead  to 
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a  fruitful  result:  hybrid  optical  digital  image  processing  techniques, 
utilizing  the  strengths  of  both  processing  operations.  Furthermore,  I 
believe  that  white^light  optical  signal  processing  is  at  the  threshold  of 
widespread  application.  I  hope  that  this  will  serve  a  basic  foundation, 
already  established  in  part,  to  help  guide  interested  readers  toward 
various  imaginative  signal  processing  applications. 
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